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ABSTRACT         
Low back pain is a widespread problem throughout the developed world.  There is a need 
for a rigorous multidisciplinary approach to studying this problem and evaluating solutions.  
Computational methods are beginning to be used to evaluate and test new surgical treatments and 
medical devices.  With the application of computational models in a clinical setting the need for 
more robust, well validated, and efficient computational techniques is increasing.  Patient-
specific and population-based computational methods have been applied to some regions of the 
body but have not been previously published for the lumbar spine.  The primary goal of this 
research was to develop robust methods for performing probabilistic simulation based on 
anatomical variation in the full lumbar spine.  The research has been broken up into three 
separate aims. 
Aim 1 was to develop a method to repeatably and reliably identify and extract geometric 
features and landmarks of lumbar vertebrae and use that information to automatically create 
finite element models with subject-specific geometry.  An automated method was developed and 
tested.  Eighteen subject-specific full lumbar spine finite element (FE) models were created 
based on automated landmark identification of 90 lumbar vertebrae.  The subject-specific FE 
models were produced with good accuracy, quality, and robustness.  The new automated method 
represents an improvement over manual and semiautomated methods previously reported in the 
literature. 
Aim 2 was to validate the automation process and resulting FE models.  Mesh 
convergence, direct validation, and indirect validation studies were performed.  The studies 
showed that the automated models can be used to reliably evaluate lumbar spine biomechanics, 
iv 
 
specifically within the intended context of use: in pure bending modes, under relatively low non-
injurious in vivo loads, to predict torque rotation response, disc pressures, and facet forces. 
Aim 3 was to create and evaluate a statistical shape model (SSM) of the lumbar spine for 
use in probabilistic modeling.  The research successfully demonstrated the use of a SSM 
combined with automated methods for landmark identification and FE model generation to 
create a fully parameterized FE model of the lumbar spine.  The SSM was evaluated using 
compactness, generalization ability, and specificity.  The shape modes were also evaluated 
visually, quantitatively, and biomechanically.  Functional FE models of the mean shape and the 
extreme shapes (±3 standard deviations) of all 17 shape modes were created demonstrating the 
robust nature of the methods.  This research represents an advancement in FE modeling of the 
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The current research is focused on developing population-based methods to evaluate the 
effect of anatomical variation in the lumbar spine. The following sections review the state of low 
back pain in the population, current treatments, and how population-based methods may be able 
to help improve treatments and devices. The aims of the current research and organization of the 
thesis are also described. 
1.1 Background and Motivation 
Low back pain is one of the most widespread and costly musculoskeletal problems 
affecting the developed world [1]–[3] and it appears to be growing [4].  “As part of the Global 
Burden of Disease Study (GBD) 2010, the Expert Group showed that low back pain is among the 
top ten high burden diseases and injuries, with an average number [of] DALYs (disability-
adjusted life years) higher than HIV, road injuries, tuberculosis, lung cancer, chronic obstructive 
pulmonary disease and preterm birth complications” [5].  One of the reasons low back pain is 
such a large problem is that it encompasses a wide range of conditions, etiologies, and severities 
and is affected by a multitude of factors including cultural, societal, mechanical, genetic, 
psychological, legal, and physiological influences [1]–[3], [5]–[12].  Severe and disabling low 
back pain has been estimated to affect 13% of the working population and results in disability 
costs comparable to depression, heart disease, and diabetes [3], [13].  In the United States the 
total costs of low-back pain are estimated to be $100-$200 billion each year [5], [6]. 
Proposed medical causes of low back pain include muscular pain and spasm, discogenic 
pain, annular tears, arthritis, facetogenic pain, disc herniation, endplate fractures, ligament strain, 
and stenosis [2], [7], [14]–[20].  However, linking low back pain to one of those sources can be a 
2 
 
challenge considering many of the objective findings are asymptomatic in a large part of the 
population [3], [21]–[25].  Biomechanical causes of low back tissue damage have been proposed 
including: single acute traumatic events like high axial forces and bending moments [26], [27]; 
long-term accumulated micro-trauma often seen in occupational settings like repeated lifting, 
frequent bending and stooping, and whole body vibration [2], [7], [28]– 31 ; and degeneration of 
tissue over time [15], [32], [33].  Risk factors for low back pain have been identified based on 
occupations [34]–[36], body weight [37]–[41], and smoking [6], [41], [42].  Due in part to the 
wide variety of potential causes of low back pain it can be challenging to diagnose and treat 
effectively [23], [43].   
Treatments for low back pain vary from physical therapy to injections to surgery [43]–
[47].  The success rates for many treatments of low back pain have been studied to develop and 
improve treatments over time [43], [47]–[53].  Spinal fusions are the most common treatment for 
serious chronic low back pain [9], [54].  However, a study looking at patients one-year post 
treatment with spinal fusions found a 33% success rate compared to a 15% success rate for non-
surgical treatment.  These results led the authors to find both groups “unimpressive” and 
question whether the higher rate of success in surgery is worth the risks and costs of the 
intervention [53].  At 11 years post treatment spinal fusions were found to be no better than 
cognitive behavioral therapy and exercise rehabilitation [43].  One of the concerns regarding 
spinal fusion is adjacent segment disease, a condition where segments above and/or below a 
fusion degenerate following surgery [9], [55], [56].  Alternatives to traditional spinal fusion 
include motion preserving implants like semi-rigid fixation [9], [57], [58], total disc 
replacements [9], [59]–[62] and total facet arthropathy [20].  Even with alternatives, spinal 
fusion remains the “gold standard” treatment with motion preserving techniques representing a 
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small fraction of surgical interventions [9], [20].  With the widespread nature of low back pain, 
and such low success rates for the worst cases, there is a need for a rigorous multidisciplinary 
approach to studying this problem and evaluating solutions [5], [9].   
The biomechanics community has used experimental and computational methods to try to 
understand the differences between normal and pathological lumbar spines, the mechanisms that 
cause pathologies to develop, and the effectiveness of proposed treatments [9], [19], [63]–[ 1].  
The complexity of this issue has required more and more sophisticated methods to be developed 
to effectively study low back pain.  Traditionally, medical devices and surgical techniques are 
tested experimentally on cadavers and animal models [65], [92].  However, physical testing is 
limited by the boundary conditions that can be reasonably applied and the number of specimens 
available [63].  Computational methods overcome those limitations allowing virtually unlimited 
test scenarios and specimens to be evaluated [63], [64], [93].  As computational methods have 
developed, the need for models with subject-specific geometry and materials has been realized 
[93].  Patients are demanding new medical devices and surgical techniques to be tested and 
proven for a patient like them, not just a few individual specimens that may or may not resemble 
their unique anatomy [94], [95].  Computational methods are beginning to be used to evaluate 
and test new surgical treatments and medical devices [96], [97].  With the application of 
computational models in a clinical setting the need for more robust, well validated, and efficient 
computational techniques is increasing. 
Finite element (FE) modeling is one of the most widely used computational techniques 
for studying tissue level biomechanics [72], [98]–[101].  Several methods have been developed 
to create patient-specific finite element models [102]–[113].  However, “only a limited number 
of such finite element models can be generated, because the process of generating individualized 
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FE models involves several laborious and complex steps that cannot be easily automated” [114].  
Additionally, medical device manufacturers and scientists not only want to understand the issues 
of specific patients but ideally would like to study the entire population and find which segments 
of the population are best suited to specific solutions [115]–[ 17].   
Probabilistic simulation methods involving statistical shape models (SSM) allow the 
creation of probabilistic finite element models that can be created to model not only specific 
patients but also a virtual population of patients [115]–[117].  Statistical shape models capture 
the variation in shape for a set of objects and estimate the average shape and principal 
components of variation in the shape for the population [114].  Probabilistic simulation methods 
involving SSMs have been used in the knee to study variations in biomechanics and implant 
designs, but we are unaware of any published studies applying those methods to the lumbar 
spine.  The ability to perform probabilistic simulations based on anatomical variation in the 
lumbar spine would facilitate a variety of studies on lumbar spine biomechanics and how implant 
designs may perform in the population. 
1.2 Research Aims 
The primary goal of this research was to develop robust methods for performing 
probabilistic simulation based on anatomical variation in the full lumbar spine.  The research has 
been broken up into three separate aims.  Aim 1 was to develop a method to repeatably and 
reliably identify and extract geometric features and landmarks of lumbar vertebrae and use that 
information to automatically create finite element models with subject-specific geometry.  Aim 2 
was to validate the automation process and resulting FE models.  Aim 3 was to create and 




1.3 Thesis Organization 
Each of the three research aims resulted in a journal manuscript.  The thesis has been 
organized with a detailed literature review followed by the three journal manuscripts.  The 
format of the journal manuscripts has been modified to be consistent with the thesis, but the 
content has not been changed.  The last chapter of the thesis consists of overall discussion and 
conclusions. 
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The primary goal of this research was to develop robust methods for performing 
probabilistic simulation based on anatomical variation in the full lumbar spine.  In this section, 
the biomechanics literature is reviewed regarding four main topics that serve as the basis for the 
current research.  Lumbar spine anatomy and biomechanics are reviewed including prior studies 
attempting to parameterize the anatomical variation in the lumbar spine and mechanical testing 
of the lumbar spine.  Relevant topics in finite element analysis are reviewed including evaluation 
of element quality, convergence, validation, subject-specific methods, morphing, and 
probabilistic simulation.  The literature is reviewed regarding statistical shape modeling 
including the theoretical background, evaluation methods and applications.  Finally, there is a 
review of finite element models of the lumbar spine including modeling techniques and 
properties, validation, and applications. 
2.1 Lumbar Spine Anatomy and Biomechanics 
This section reviews the lumbar spine scientific literature regarding anatomical structure, 
studies documenting geometric variation, mechanical characterization of tissues, and 
biomechanical testing of lumbar spine motion and forces.   
2.1.1 Lumbar Spine Anatomical Structure 
The human spine (Figure 2.1.1) contains 7 cervical vertebrae, 12 thoracic vertebrae, 5 
lumbar vertebrae, a sacrum consisting of 5 fused bones, and a coccyx consisting of 4 fused bones 
[1].  Each lumbar vertebra consists of a set of common features (Figure 2.1.2).  Aspects of a 
lumbar vertebra are described using anatomical directions.  The endplates are anterior, the 
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spinous process is posterior, the tips of the transverse processes are lateral and the vertebral 
foramen is medial (Figure 2.1.3)  
 
Figure 2.1.1  The sections of the human spine.  
http://www.spineuniverse.com/conditions/spinal-stenosis  Accessed on 11-5-2014. 
 
There are seven significant ligament attachments in the lumbar spine (Figure 2.1.4).  The 
anterior longitudinal ligament (ALL) runs along the anterior surfaces of the vertebrae.  The 
posterior longitudinal ligament (PLL) runs along the posterior surfaces of the vertebral bodies 
through the vertebral foramen.  The intertransverse ligaments (ITL) connect the transverse 
processes on each side of the vertebrae.  The facet capsular ligaments (FCL) attach around the 
borders of the articular facets.  The ligamentum flavum (LF) runs along the anterior surface of 
the lamina along the posterior border of the vertebral foramen.  The interspinous ligaments (ISL) 
run between the spinous processes.  The supraspinous ligament (SSL) runs along the posterior 




Figure 2.1.2 Anatomy of a lumbar vertebra. 
 
 
Figure 2.1.3 Anatomical directions for lumbar vertebrae. 
 




Figure 2.1.4 Ligament attachments in the lumbar spine [2]. 
 
An intervertebral disc lies between the end plates of adjacent vertebrae at each level in 
the lumbar spine.  The disc at each spinal level is referred to by its functional spinal unit (FSU) 
which comprises two vertebrae and one intervertebral disc, for example L4-L5.  The 
intervertebral disc is comprised of an outer ring of fibrocartilage, the annulus fibrosis, which 
surrounds the gelatinous core, the nucleus pulposus [3]. 
2.1.2 Geometrical Variation in the Lumbar Spine 
Characterizing the anatomical variation in the lumbar spine has been the focus of a 
variety of studies.  Studies of quantitative three-dimensional anatomy in the lumbar spine have 
generally focused on measuring the size, position, and orientation of the different features of 
each bone.  An example of the quantitative measurements taken by Panjabi et al. [4] is shown in 
Figure 2.1.5.  Quantitative measurements have been reported by several authors: Panjabi et al. 
reported measurements from 60 vertebrae, 12 full lumbar spines; Berry et al. [5] reported 
measurements from 150 lumbar vertebrae, 30 full lumbar spines; Semaan et al. [6] reported 
measurements from 160 vertebrae, 32 full lumbar spines; Tan et al. [7], [8] reported 
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measurements from 60 vertebrae, 12 full lumbar spines.  More specific limited three-dimensional 
quantitative measurements have been reported for lumbar lamina [9], [10], pedicles [2], [11], 
facet sizes and orientations [2], [10], [12]–[16], and overall vertebra size [2], [17].  Woldtvedt et 
al. [18] measured the thickness and area of facet cartilage in the lumbar spine.  Imaging has also 
been used recently to quantify lumbar spine morphometry in vivo for the pedicles [19] and facets 
[20], [21].   
 
 
Figure 2.1.5 Measurements of quantitative three dimensional anatomy of the lumbar spine.  
EPWi, lower end-plate width; EPWu, upper end-plate width; EPDu, upper end-plate depth; 
EPDi, lower end-plate depth; VBHp, posterior vertebral body height; SCW, spinal canal width; 
SCD, spinal canal depth; PDH, pedicle height; SPL, spinous process length; TPW, transverse 
process width; EPAu, upper end-plate area; EPAi, lower end-plate area; SCA, spinal canal area; 
EPItu, upper end-plate, transverse inclination; EPItl, lower end-plate, transverse inclination; 




Quantitative measurements have also been taken to determine the relative orientation of 
vertebrae in vivo.  Parenteau et al. [22] used a very large sample of 24,640 CT scans and 
calculated the relative angle of each vertebra throughout the spine looking at the variation 
between subject age and gender (Figure 2.1.6). 
 
Figure 2.1.6 Male and female thoracic and lumbar spine angulation along the sagittal plane 
[22]. 
 
2.1.3 Mechanical Characterization of Lumbar Spine Tissues 
Characterization of the mechanical properties of the tissues in the lumbar spine has been 
the subject of several research studies.  Ligament properties have generally been tested in tension 
to characterize the stress-strain behavior of the different ligaments.  Researchers have tested the 
anterior longitudinal ligament (ALL), posterior longitudinal ligament (PLL), ligamentum flavum 
ligament (LFL), facet capsular ligament (FCL), interspinous ligament (ISL), and supraspinous 
ligament (SSL).  The author is not aware of any researcher who has tested the intertransverse 
22 
 
ligament (ITL) in the lumbar spine.  White et al. [2] wrote that the ITLs have no mechanical 
significance in the lumbar spine because of their negligible cross-sectional size.  Ligament 
tensile tests were generally performed by harvesting the ligament and its bony attachments to 
maintain the integrity of the ligaments.  Geometrical data including initial length and cross-
sectional area were generally obtained to derive stress and strain from force-displacement data. 
White et al. [2] described the typical load-deformation pattern of spinal ligaments as 
having a neutral zone, elastic zone, and plastic zone (Figure 2.1.7).  The neutral zone is where 
very little force is required to deform the ligament.  The elastic zone is where more significant 
force is required to deform the ligament and is usually a linear region of the stress-strain curve.  
The elastic zone stiffness is the value often reported by researchers characterizing ligament 
properties.  The plastic zone is where the slope of the stress-strain curve decreases until failure at 
the end of the plastic zone. 
 
Figure 2.1.7 Typical load-deformation pattern of spinal ligaments showing the neutral zone 
(NZ), elastic zone (EZ) and plastic zone (PZ) [2]. 
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A review of the literature regarding the mechanical properties of lumbar spine ligaments 
yielded a large volume of published data [2], [23]–[ 7].  While most studies have found a 
consistent shape of the stress-strain curves, differences in experimental design and methods 
make comparisons difficult [33], [38].  Figure 2.1.8 shows the large variation in data for the 
anterior longitudinal ligament (ALL) from different authors.  Most authors presented data for 
each ligament type but combined data from spinal levels.  In one of the most comprehensive 
studies of lumbar spine ligament properties Pintar et al. [33] presented data for different 
ligaments at each level of the lumbar spine.  Pintar et al. found that adjacent levels demonstrated 
similar tendencies in shape and magnitude.  An analysis of the stiffness data from Pintar et al. 
shows that the stiffnesses for a given ligament at different levels are all generally within ± 1 
standard deviation of each other. 
 




The mechanical properties of the intervertebral discs in the lumbar spine have also been 
tested.  The nucleus pulposus properties have mainly been investigated through torsion and 
compression tests [3].  The viscoelastic behavior of the nucleus pulposus has been characterized 
through torsional shear tests [39], [40].  The compressive properties of the nucleus pulposus have 
also been tested to determine the compressive modulus and hydraulic permeability of the tissue 
[41]–[43]. 
The annulus fibrosis has been tested in a variety of ways to characterize the complexity 
of the mechanical behavior of this anisotropic viscoelastic tissue.  The annulus fibrosis is 
composed of several concentric layers called lamellae.  Authors have studied the material 
properties on the sub-lamellae level, the single lamellae level, and the multi-la ellae level.  The 
annulus fibers are usually tested in tension and the extrafibrillar matrix is usually tested in 
compression [3], [41], [44], [45].  Researchers have found regional variation in the mechanical 
properties of the annulus fibrosis leading them to report values for the inner and outer annulus of 
the anterior and posterior regions separately.  The anisotropic properties of the annulus fibrosis 
have lead researchers to test the fibers in axial, circumferential, and radial directions as well as 
parallel to the fiber orientations (Figure 2.1.9) [46]–[53].  Biaxial tests have also been performed 
to characterize stretching of the tissue in two directions at once [54], [55].  Shear testing of the 
annulus fibrosis has been used to characterize the viscoelastic behavior of the tissue [48], [51], 
[56], [57].  Several researchers have worked to develop constitutive models that can capture the 
complex behavior of the annulus fibrosis [53], [58]–[60].  Nerukar et al. [61] created a table 





Figure 2.1.9 Illustration of annulus fibrosis testing directions: X1-circumferenntial, X2-axial, 
X3-radial, a and b along fiber directions [49]. 
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Table 2.1.1 Summary of native tissue benchmarks related to mechanics of the Annulus 





2.1.4 Biomechanical Testing of the Lumbar Spine 
The motion and forces of the human lumbar spine have been characterized through 
mechanical testing.  Testing has been performed on FSUs (Functional Spinal Units) and multi-
level segments [62].  Lumbar spine range of motion has been documented for the primary 
bending modes: flexion/extension, lateral bending, and axial rotation.  Tests have generally been 
conducted by fixing the inferior vertebra in place and applying a torque to the superior vertebra.  
Several authors have published torque-rotation responses of the lumbar spine (Figure 2.1.10) [2], 
[14], [63]–[71].  Intervertebral disc pressure has also been measured during lumbar spine 
bending using pressure transducers in the nucleus pulposus [72], [73].  Forces on the facet joints 
have also been measured using thin film sensors [72], [74], [75] and estimated using strain 
gauges [76].  Attempts have also been made to measure forces and motion in vivo [77], [78].    
 
Figure 2.1.10 Comparison of range of motion from different authors for 4 N-m of flexion-




2.2 Finite Element Analysis Techniques 
Finite element analysis (FEA) is a numerical technique used to analyze the behavior of 
materials [79], [80].  Complex shapes can be analyzed by breaking them up into many small 
parts (elements) that have individual solutions.  FEA can be used to analyze a variety of physical 
phenomena including mechanical loading, fluid dynamics, and thermodynamic behavior.  The 
current review is focused on the FEA techniques involving mechanical loading in biomechanics.  
Topics include: element quality; verification and validation; and generic, subject-specific, and 
probabilistic modeling. 
2.2.1 Element Quality 
The collection of elements for a given finite element problem is called a mesh.  There are 
several methods for meshing different types of surfaces.  The quality of the mesh can have a 
large impact on the solution quality and computation time.  The more elements in a mesh and the 
smaller the elements, the longer the computation time will be.  Meshing methods vary depending 
on the type of elements that are being used.  Beam elements connect two nodes, shell elements 
are usually triangular or quadrilateral, and solid elements are often hexagonal cubes.  The 
accuracy of a finite element solution can be affected by the quality of the elements.  There are 
several standard metrics to evaluate element quality of shell and solid elements including: 
warpage, aspect ratio, skewness, Jacobian, and minimum/maximum angles.  The calculations for 
solid elements usually involve performing the shell element calculation for each face of the solid 
element. 
Warpage applies to quadrilateral (quad) shell and solid elements.  The warpage of an 
element measures the amount that the face of the element deviates from being planar.  To 
calculate the warpage, a quadrilateral face is divided into two triangular sections along its 
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diagonal, the normal for each triangular section is calculated, then the angle between the normals 
is the warpage (Figure 2.2.1) [81].  The ideal warpage angle is zero. 
  
Figure 2.2.1 Illustration of warpage angle for a quadrilateral element. 
 
Aspect ratio is an evaluation of the proportionality of an element.  A ratio is taken of the 
longest edge of an element to the shortest edge of the element.  An ideal aspect ratio is 1 which 
would be for an equilateral triangle or a square quadrilateral element [81]. 
Skewness evaluates how the “axes” of an element compare to each other.  In triangular 
elements skewness is calculated by finding the vectors from each node to the mid-point on the 
opposite side, then calculating 90 degrees minus the minimum angle between the vectors [82] 
(Figure 2.2.2 left).  For quadrilateral elements and hexagonal element faces, skewness is 
calculated by finding the vectors from the mid-point of each edge to the opposite edge and 
calculating 90 degrees minus the angle between the vectors [82] (Figure 2.2.2 right).  The ideal 
skewness for an element is zero. 
The Jacobian is a ratio that provides a metric to evaluate how much the element deviates 
from an ideal element.  The Jacobian matrix depends on the element formulation and is 
calculated at each of the integration points of an element.  The determinant of the Jacobian 
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matrix is calculated at each node or integration point [82], [83].  Hypermesh (Altair Engineering, 
Troy, Michigan) reports the ratio of the smallest and largest determinant [82].  The determinant 
of the Jacobian represents the amount of stretch needed to parametrically map an ideal element 
to the subject element.  If the same amount of stretch is needed at each point the element is ideal 
and will have a Jacobian of 1.0.  Figure 2.2.3 and the equations below provide an example 
Jacobian calculation at the corners of a hexagonal element [83]. 
 
 
Figure 2.2.2 Diagrams showing skewness calculations for triangular (left) and quadrilateral 
(right) elements. 
                            2.2.1                                    2.2.2 
The minimum and maximum angles for an element are calculated to prevent overly acute 
or obtuse angles.  At each corner of an element the angle is calculated based on the connecting 
nodes.  The minimum and maximum angle over all corners of the element is reported.  Ideal 
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triangular elements have angles of 60 degrees at all corners and ideal quadrilateral elements have 
angles of 90 degrees at all corners. 
 
 
Figure 2.2.3 Hexagonal element with nodes 0-7.  Ordered edges Ei, Ej , and Ek are used to 
compute the scaled Jacobian (Js) at node 1 [83]. 
 
2.2.2 Verification and Validation 
Verification and validation (V&V) are important topics in finite element analysis.  The 
process of verification and validation is the primary method in which computational models are 
evaluated [84].  Verification involves evaluating accuracy of the computational methods used in 
the model.  Validation involves evaluating how accurately the model simulates the real world.  
Several recent publications have addressed the importance of V&V in computational 
biomechanics [85]–[88]. 
Verification can involve a wide variety of topics.  Many aspects of verification are 
completed by evaluating the solution of benchmark problems.  Benchmark problems are a good 
way to ensure that the computational solution matches the theoretical solution.  Commercial 
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software developers usually have a set of benchmark problems that are evaluated with each 
version of the code.  That makes code verification of lower concern when using commercial 
finite element software [89].  However, some authors do recommend independent verification of 
the code even when using commercial software [86].  Separate from code verification, model 
verification can include evaluation of modeling choices like temporal discretization and mesh 
convergence.  Temporal discretization involves choices that affect the timestep of a transient 
solution.  Mesh convergence is a process of determining what element size will provide a reliable 
solution with respect to the variables of interest.  The process involves refining the mesh until the 
variables of interest do not change significantly with changes in mesh density. 
Validation primarily involves comparing model predictions to experimental test data.  
Ideally a computational model will be validated against experimental data for all variables of 
interest under the range of loading conditions where the model will be used.  While it is not 
always possible to validate every variable under every loading condition of interest, the more 
complete the validation the more confidence there will be in the results of the model. 
2.2.3 Subject-Specific and Probabilistic Modeling Methods 
There are many ways that finite element analysis (FEA) is used in biomechanical 
research [85].  Often FEA is used to study the mechanics of a single part of the body.  When 
modeling a single body part there are several different model types that can be created, these 
include: generic, subject-specific, and probabilistic.  Generic models attempt to use 
representative or average geometry and material properties and are often used to study general 
mechanics and fundamental principles.  One example of a generic model is a finite element brain 
model published by Takhounts et al. [90].  The model consisted of a generic skull that had the 
approximate size of a 50th percentile male skull, but the inner surface was smooth and did not 
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contain the detail found in a real human skull.  The model had similarly simplified brain 
structures.  While the model did not represent all of the geometric details of the brain, it was 
validated against experimental measurements of brain motion and has been used to predict the 
potential for brain injury under various impact configurations.  In that case, a generic model was 
sufficient to simulate the necessary biomechanics. 
Subject-specific models attempt to represent one specific specimen or person.  Subject-
specific models often include geometry from a CT (computed tomography) scan of the subject 
and/or material properties from tests of the specimen of interest.  CT scans have frequently been 
used to assign subject-specific bone material properties [91]–[93], but most material properties 
cannot currently be measured in vivo [94].  Physical testing of specimen-specific material 
properties for FE models has been done in vitro [94], [95], but this type of testing is usually 
impractical so generalized properties from the literature are usually used [94].   
Subject-specific FE models have been created for many parts of the body.  Traditionally, 
subject-specific FE models have been created by manually meshing each part based on the 
geometry from a CT scan [92], [94].  However, “only a limited number of such finite element 
models can be generated, because the process of generating individualized FE models involves 
several laborious and complex steps that cannot be easily automated” [96].  Many authors have 
attempted to solve this problem by developing semi-automated and automated methods to create 
subject-specific FE models [92], [97]–[99].  Mesh morphing methods have been a popular way 
to more quickly create subject-specific models [100]–[106].  Mesh morphing involves beginning 
with a traditionally constructed template mesh and transforming it to the geometry of a specific 
subject.  Most transformations rely on identification of landmarks on the template mesh and 
identifying the same landmarks on the subject geometry.  Identification of landmarks is generally 
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the most time-consuming and error prone part of any mesh morphing procedure.  Each mesh 
morphing method has a different way of transforming the remaining non-landmark nodes on the 
template mesh to the subject geometry. 
Probabilistic finite element models use the statistical variation in different variables to 
determine the probability of different outcomes [107]–[110].  Any variable with known or 
estimated statistical variation can be used in a probabilistic FE model.  Potential variables 
include: material properties; alignment; implant size, position, and orientation; and anatomical 
geometry.  For example, Baldwin et al. [111] used material property variation in the knee to 
estimate distributions of knee laxity.  Fitzpatrick et al. [112] used the probabilistic variation of 
implant position and alignment to determine the effect on total knee arthroplasty mechanics.  
Grassi et al. [113] used a statistical shape model (SSM) of the femur to study how the principal 
components of shape variation affect fracture risk. 
Statistical variation in material properties and select anatomical measurements can often 
be found in the literature.  However, geometrical data defining complex bone surfaces and/or 
joint contact surfaces requires the use of statistical shape models (SSM) [114].  Probabilistic 
models using SSMs have been published for studies involving many body regions, however the 
author is unaware of any probabilistic models of the lumbar spine that have been published 
incorporating a SSM [114]. 
2.3 Statistical Shape Modeling 
A statistical shape model (SSM) embodies a concise mathematical technique [115] to 
efficiently represent anatomy with a high level of precision.  Statistical shape modeling has been 
used extensively in recent years to study and model the variation in human anatomy.  This 
section will review the techniques of performing statistical shape modeling, methods of 
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evaluating statistical shape models, and the applications of SSMs that have been published in the 
literature.  
2.3.1 Statistical Shape Modeling Methods 
An SSM is constructed from direct measurements of shape taken from a sample 
population of training specimens (the training set). Anatomic variability is characterized by 
principal modes of shape variation, which are mutually orthogonal vectors comprising deviations 
from the mean shape. A powerful feature of an SSM is that a high resolution finite element 
model containing thousands of nodes may be accurately represented by a linear combination of 
only a few principal shape vectors. The SSM provides a highly compact means of representing 
the statistical variation in shape of anatomical structures.  S veral authors have published the 
details of statistical shape modeling methods [96], [114]–[ 22]. 
In order to compare shape variation a corresponding set of points or landmarks must be 
compared across the specimens in a training set.  Many studies have examined this problem of 
landmark identification and correspondence, especially in the context of SSM creation. Several 
global methods have been developed to register points from a template to a target specimen. 
However, global methods do not strictly account for local variations in geometry, and final 
evaluation of landmark correspondence is difficult [116]. Some correspondence methods have 
been evaluated by comparing automated methods to manual landmark selection or known points 
on simple shapes [97], [123]–[125]. Manual methods have been used for some SSMs but for 
large point sets or 3D shapes the reliability and repeatability of these methods is poor [123]. 
Most published SSMs of bones use different custom methods with varying levels of automation 
to enforce point correspondence [96], [106], [114], [119], [120], [126]–[130]. 
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Statistical shape modeling methods can be extended to include multiple objects and their 
relative positions and orientations.  This type of modeling that includes the pose of multiple 
objects is particularly useful for joints which involve the interaction of multiple bone surfaces.  
SSMs can be created to treat bone shape separately from the objects’ pose, or treat shape and 
pose together with one SSM [114], [128], [131], [132]. 
Once a training set of corresponding landmarks has been obtained, the training set must 
be aligned.  The alignment can be achieved by rigid, similarity, affine, or higher-order 
transformations [114]. One possible strategy is to perform discretization through identification of 
a set of prescribed landmark points on each shape [114].  The purpose of the alignment is to 
ensure that all variations in the landmarks are unrelated to rigid body translations and rotations of 
the specimens [116]. 
Once the landmarks have been identified and aligned, shape variation analysis can be 
accomplished through principal component analysis (PCA).  The landmark coordinates are 
rearranged to express each specimen in column vector form, 
                                       2.3.1 
where  is the number of landmarks. All specimens are normalized to the mean specimen given 
by,             , where  is the number of specimens in the training set. Normalized specimen 
vectors are computed as,        (         ) and collected in matrix form as, 
             2.3.2 
Note that each   is     in size, which gives   dimensions    . Principal component 
analysis (PCA) is performed on the normalized specimen data [133]. PCA requires an 
eigenanalysis of the covariance matrix, given by, 
           2.3.3 
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where  is of size     , and for large   this leads to a tedious eigenproblem. But, the rank 
of   is not determined by  , the number of nodes in the finite element mesh; it is driven by  ,
the number of unique specimens in the training set. It is, therefore, equivalent and much simpler 
to compute the eigenvectors and eigenvalues of the alternate matrix, 
        2.3.4 
which is of size    . The eigenvectors (  ) of the original system (2.3.3) may then be 
expressed in terms of those (   ) from the alternate system (2.3.4) as, 
                   2.3.5 
where the    are of size    , and the    are of size    . Similarly, the eigenvalues are 
related by the expression, 
                      2.3.6 
The eigenvectors define the principal modes of shape variation and the eigenvalues 
express the variance of each shape mode within the training set. The SSM is then defined as, 
                   2.3.7 
where  represents a virtual instantiated specimen of arbitrary anatomical shape,    r  scalar 
coefficients, and     are standard deviations. It is assumed that each principal shape mode obeys 
a Gaussian distribution so that values of    in the range    appropriately sample the full range of 
anatomical shapes (Figure 2.3.1b-d). With randomized selection of the coefficients   , any
number of virtual specimens may be instantiated. Also, if a change of variables is performed by 
the following transformation, 
                         2.3.8 
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then the   are column vectors of size    that exactly define each of the   specimens in the 
training set as, 
                    2.3.9 
The elements of each   are the actual principal components referred to in PCA – they 
allow each specimen to be exactly represented by only  independent coordinates in principal 
shape space rather than the original    Cartesian coordinates as indicated in (2.3.1)  
Cumulative variance captured by the SSM is computed by a sequential summation of 
eigenvalues, assuming they have been sorted in descending order (Figure 2.3.1a). It is typically 
not necessary to keep all   eigenvectors to capture a large percentage of the total variance in 
shape across the training specimens. For example, the summations in (2.3.7) and (2.3.9) may be 
limited to the upper index    , where      and is sufficient to capture 95% of the total 
variance in the training set. 
      
Figure 2.3.1 The percentage of shape variations explained by different shape modes in a 2D 
statistical shape model of the femur (a) together with the first three modes of shape variation (b-
d) (adapted from Sarkalkan et al. [96]). 
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2.3.2 Methods of Evaluating Statistical Shape Models 
Several methods have been proposed for evaluating statistical shape models (SSMs).  
Davies et al. [134] developed three methods that are frequently used to evaluate the quality of 
SSMs and make comparisons between methods; they are generalization ability, specificity, and 
compactness (Figure 2.3.2) [116], [123], [131], [135].  However, Heimann et al. [116] point out 
that the only way to reliably estimate the quality of an SSM is to test it in the specific 
application.   
Generalization ability is a measure of how well the SSM can produce new shapes.  The 
generalization ability of a model is determined through a leave-one-out analysis [116], [123].  
Each specimen is removed from the training set and the SSM is recalculated with the remaining 
specimens.  A non-linear least squares optimization scheme can then be used to fit the SSM to 
the left-out specimen. The ability of the SSM to accurately fit the unknown specimen provides a 
measure of how well the training set characterized the broader population of anatomical shapes. 
Quality of fit can be expressed as mean Euclidian distance error between corresponding 
landmarks or maximum (Haussdorf) distance. 
Specificity is a measure of the quality of shapes generated by the SSM.  Random shapes 
are generated from the SSM within the range of valid parameters.  The random shape is then 
compared to all specimens in the training set to determine the minimum average distance error 
for the closest member [116], [131]. 
Compactness is an evaluation of how efficiently the SSM produces shape variation.  The 
cumulative variance is calculated versus the number of principal components.   An ideal SSM 
produces a large cumulative variance with relatively few principal components. 
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There are several potential ways to evaluate a SSM in its specific application.  The 
ultimate question for SSMs that are used in finite element (FE) analysis is: Do FE models 
generated from the SSM produce accurate results?  Fitzpatrick et al. [136] described a method of 
evaluating results of FE models generated by an SSM using a leave-one-out approach.  FE 
models of the training set specimens had previously been created without the SSM.  New FE 
models were created for each specimen using a SSM with that specimen left out.  The results of 
the two models were compared to determine how models generated from the SSM performed for 
specimens outside of the training set.  Grassi et al. [113] evaluated their models by comparing 
strain results from FE models of the femur generated from their SSM to experimental results of 
subjects outside of their training set. 
 
Figure 2.3.2 Generalization, specificity, and compactness of a statistical multi-vertebrae 
shape+pose model from Rasoulian et al. Error bars show the standard deviation divided by 
square root of the number of trials. (a) Shape compactness. (b) Pose Compactness. (c) 
Generalization. (d) Specificity [131]. 
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2.3.3 Applications of Statistical Shape Modeling 
There are several ways statistical shape modeling methods can be applied in the field of 
biomechanics.  A recent review by Bischoff et al. [114] sorted the applications of SSM into three 
categories: morphological analysis, kinetic and kinematic analysis, and structural analysis.  
Sixteen morphological studies were described looking at anatomical variations primarily in the 
femur and tibia as well as fibula, wrist, clavicle, and mandible.  Ten kinetic and kinematic 
studies were described primarily studying gait patterns in walking as well as running and stair 
climbing.  Thirteen structural biomechanical analyses were described relating to the femur, knee 
joint, and distal radius.   
SSMs of hip and knee anatomy have been used in the context of computer-assisted 
orthopaedic surgery to provide approximations of subject-specific anatomy [117], [137]–[139], 
they have been developed to introduce natural anatomical variability into computer-based 
surgical training programs [140], [141], and they have been applied to examine variations in hip 
and knee joint biomechanics [106], [127], [142]. Waarsing et al. used a statistical shape and 
density model (SSDM), which inferred density as well as bone geometry from CT scans, to study 
how principal modes of shape and density variation in the proximal femur correlated with 
clinical and radiological measures of osteoarthritis [143]. Bredbenner and Nicolella created a 
similar SSDM of the proximal femur and used it in concert with finite element analysis to study 
fracture risk in a fall [144].  
SSMs have also been used to create 3D surfaces of bones from sparse data [96].  3D 
surfaces of bones are traditionally obtained from CT images.  However, 3D/2D registration 
techniques can be used to create a 3D model from one or more 2D X-ray images or bone density 
scans (DXA) (Figure 2.3.3).  The process involves creating 2D projections of the 3D SSM model 
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to create digitally reconstructed radiographs (DRRs).  The DRRs are then compared to images of 
the subject of interest.  The parameters of the SSM are then adjusted to produce the minimum 
error between the DRRs and subject images.  Zhu et al. described a method of constructing 3D 
femur models from 2D fluoroscopic images [119].  Zheng et al. described a method of 
constructing 3D models of individual lumbar vertebrae from single 2D fluoroscopic images 
[145].  Similar to other SSM methods, the ability for an SSM to produce accurate 3D models 
from sparse 2D data can be evaluated using leave-one-out methods.  
 
Figure 2.3.3 The different steps involved in matching a 3D SSM with a DXA scan.  First, 
digitally reconstructed radiographs (DRRs) are generated by projecting an instance of the 3D 
statistical shape and appearance model.  The generated DRRs are then compared with the DXA 
scan.  The parameters of the statistical shape and appearance model are adjusted such that the 2D 
projection of the model instance matches the DXA scan as well as possible [96]. 
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Traditional 3D shape modeling techniques have been applied in the lumbar spine to infer 
lordosis angle [146] or 2D motion of vertebrae [147] from 2D sagittal x-ray images. A full 3D 
SSM of lumbar shape variation was described by Lorenz and Krahnstöver [122], but they only 
considered individual bones and did not account for relationships among vertebrae at different 
levels through the lumbar region.  The interaction of adjacent segments at the facet joints is 
critical for meaningful biomechanical analysis with any spine model.  Peloquin et al. [148] 
developed an SSM of the L3-L4 intervertebral disc. Rasoulian et al. [129] developed a method of 
creating SSMs using automated segmentation for the L2 vertebra and later developed what they 
stated was the first SSM of the L1-L5 lumbar spine [131]. The Rasoulian SSM was intended for 
clinical use, which typically implies lesser requirements for mesh resolution and/or accuracy, so 
it is unknown if the model is suitable for probabilistic FE modeling of lumbar spine 
biomechanics.  Ibragimov et al. [149] and Korez et al. [150] also published automated 
segmentation methods for the lumbar spine but have not applied their methods to FE modeling. 
2.4 Lumbar Spine Finite Element Modeling 
Multiple different types of finite element (FE) models have been created of the lumbar 
spine and each type can be used for different purposes.  Fagan et al. [91] and Kraft et al. [151] 
provide reviews of lumbar spine FE modeling techniques.  Single vertebra models are primarily 
used for studying fracture [152].  Structural FSU (functional spinal unit) models involve two 
vertebrae and the soft tissues that connect them [153]–[155].  Multi-segment models involve at 
least two FSUs and often incorporate all vertebrae and structural soft tissues in the lumbar spine 
[58], [89], [156]–[162].  An example of eight full lumbar spine FE models is shown in Figure 
2.4.1.  FSU and multi-segment models have numerous applications including modeling of 
general biomechanics principles, analysis of implant designs, and studying the effect of 
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anatomical variation.  The purpose of this section is to review the literature regarding lumbar 
spine FE modeling techniques and properties, validation of lumbar spine FE models, and 
applications of lumbar spine FE models.  The focus of this review will be on structural FSU and 
multi-segment lumbar FE models. 
 
Figure 2.4.1 Finite element models of the L1-5 lumbar spine of eight different groups [89]. 
 
2.4.1 Lumbar Spine FE Modeling Techniques and Properties 
The geometry of vertebrae in structural FSU and multi -segment lumbar FE models is 
usually modeled based on CT scans of specific subjects [91].  Occasionally vertebrae have been 
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modeled using geometric primitives to allow easy modification of the geometry [153], [163].  
Bone surfaces have been modeled with rigid shell elements [58], [95], [164] and deformable 
solid elements [153], [157], [158], [165]–[167].  Some lumbar FE models include modeling of 
the cartilaginous endplates [153], [157], [159], [165]–[167] and some do not [58], [95], [164], 
[167].   
The ligaments in most FE models of the lumbar spine are modeled using tension only 
elements [168].  Generally all seven significant ligament attachments in the lumbar spine are 
modeled: anterior longitudinal ligament (ALL), posterior longitudinal ligament (PLL), 
intertransverse ligaments (ITL), facet capsular ligaments (FCL), ligamentum flavum (LF), 
interspinous ligaments (ISL), and the supraspinous ligament (SSL).  However, the number of 
tension only elements used to represent each ligament and the attachment locations vary between 
models.  The material properties for FE spinal ligaments vary considerably in the literature.  
Most studies have used different properties for each ligament type [168], but only rarely are the 
ligament properties modified at different FSU levels [58].  The material models for spinal FE 
ligaments also vary considerably including linear elastic, piecewise linear, and non-linear [151], 
[168].  Kraft et al. [151] summarized the range of material properties used in several published 
FE models of the spine (Table 2.4.1).  
The intervertebral disc is the most complicated material in most lumbar FE models.  
Schmidt et al. [169] published a review of intervertebral disc modeling techniques and sorted 
them into three categories: “elastic” models, multiphasic models, and transport models.  The 
category of “elastic” models involves material models that do not incorporate long-term stiffness 
changes.  Multiphasic models incorporate solid/fluid or solid/fluid/chemical interactions that 
allow the materials to change behavior based on diurnal variations.  Multiphasic models can be  
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Table 2.4.1 Compilation of various constitutive models and parameters found in recent 
computational models of the spine (adapted from Kraft et al. [151]). 
 
 





used to study cyclic loading [170] and creep behavior [151].  Transport models predict the flow 
of material including nutrients through the vertebral endplates allowing them to predict 
degeneration over time. 
Regardless of the category of disc model, generally all models include separate properties 
for the annulus fibrosis and nucleus pulposus.  Annulus models typically include a solid ground 
substance in addition to a fiber material oriented at an angle relative to the end plates.  Material 
models for the solid ground substance include porohyperelastic [58], elastomeric Mooney Rivlin 
[155], and incompressible neohookean [159], [165], [166].  Most models have used discrete 
tension only elements to represent the annulus fibers and consistently align fibers at 30 degrees 
relative to the end plates [151].  An exception is the Holzapfel-Gasser-Ogden material model 
(Abaqus, Simulia, Johnston, RI, USA) that incorporates angled fiber reinforcement into solid 
elements allowing regional variation of fiber angles and properties [95], [164], [171], [172]. 
The nucleus pulposus of the intervertebral discs has also been modeled in a variety of 
ways.  Material models for the nucleus pulposus include porohyperelastic neohookean [58], 
[166], fluid vessel [95], [157], [163], [164], and Mooney-Rivlin [155], [159], [165].  Many 
authors published both healthy and degenerated material properties for their models.  Example 
material properties for the annulus fibrosis and nucleus pulposus are shown in Table 2.4.1.   
Facet joint contacts have generally been modeled as frictionless [151], or low friction 
[158].  Many studies use a gap element or pressure overclosure relationship to model the contact 
between joint surfaces where contact force increases depending on the distance of the two 
surfaces [58], [89], [95], [158], [164].  Some models use surface to surface contacts with 





2.4.2 Validation of Lumbar Spine FE Models 
Due to the wide variety of lumbar spine FE model types, properties, and applications is it 
important that the models be validated for their proposed context of use.  For example, Charles et 
al. [157] were using a model to evaluate an auxiliary facet system so they directly validated their 
model against experimental tests with that auxiliary facet system.  Models using new material 
model formulations have compared the output of the model to material specific tests.  Cegonino 
et al. [58] evaluated the behavior of their proposed biphasic model to experiments on lumbar disc 
tissue for swelling behavior, confined compression, and transient stress-relaxation behavior.  
Chagnon et al. [153] were interested in modeling different levels of disc degeneration so they 
validated each of their disc properties against in vitro creep experiments with appropriate grades 
of degeneration. 
Many developers of lumbar spine FE models are first interested in representing normal 
lumbar spine biomechanics before modifying their models to study a specific phenomenon.  
However, there has been relatively wide variation in the experimental data used to validate 
different lumbar spine models [89].  While many models use CT data from a specific subject as 
the basis for the geometry, the material properties are usually generic and therefore are validated 
against generic experimental data [89], [151], [152].  Models are generally reported to perform 
well if the simulation result is within the range of experimental data variability.  Ideally 
simulation results are compared to the experiment throughout the time history of the experiment, 
however often only peak values are compared [152].  The values most often evaluated for 
validation of normal lumbar spine biomechanics are range of motion values under primary 
bending modes: flexion/extension, lateral bending, and axial rotation.  Many authors have also 





Dreischarf et al. [89] performed an evaluation of eight different full lumbar FE models 
from different institutions.  Each model was run with the same boundary conditions and 
compared to experimental data for range of motion, intradiscal pressure, and facet force (Figure 
2.4.2).  Almost all of the FE models had range of motion within the in vitro ranges.  The 
simulations produced median facet joint forces and disc pressures in good agreement with the 
published in vitro values.  However, the maximum and minimum facet joint forces and disc 
pressures were outside of the range of published values. 
 
Figure 2.4.2 (a) L1-5 range of motion (RoM) under pure moments. (b) Non-linear load-
deflection curves (L1-5). (c) Facet joint forces over all spinal levels (L1-5). (d) Intradiscal 






In a review of lumbar spine FE validation research and recommendations for future 
research, Jones et al. [152] argued that many “studies have taken the first step towards model 
validation by comparison between a generic model and in-house experiments, but as yet direct 
subject-specific segment model validation has not been reported.”  Jones et al. [152] went on to 
state that “the large variance in segment behavior from specimen to specimen means that to 
validate the simulations robustly, direct validation using subject-specific models is necessary.”  
2.4.3 Applications of Lumbar Spine Finite Element Models 
Lumbar spine finite element models have numerous applications from studying 
fundamental biomechanical phenomena to clinical evaluation of surgical procedures.  In a review 
by Schmidt et al. [169] the results of four decades of finite element models were analyzed.  FE 
models have been used to study the locations in the disc that are most susceptible to damage and 
under what conditions that damage is likely to occur.  Studies have examined the temporal 
mechanical response of discs and found different types of damage are likely to occur early in the 
morning and later in the day due to changes in nuclear pressure throughout the day.  Transport 
model studies have shown that as the endplate porosity and tissue diffusivity decrease with 
aging, nutrient concentrations decrease potentially leading to degeneration. 
Several authors have used FE models of the lumbar spine to study how different types of 
implants may affect the mechanics of the lumbar spine [157], [159], [167], [173]– 9 .  In a 
review of FE models related to implant research by Zhang et al. [167] the authors reported that 
more than half of the published FE studies on lumbar implants were related to fusion.  Non-
fusion implants were also studied including disc replacements and dynamic stabilization systems.  





potential instability resulting from each type of procedure.  Facet arthroplasty has also been 
studied in FE models of the lumbar spine [157], [174].   
Research has also been conducted examining how variations in different anatomical 
structures affect lumbar spine biomechanics.  Holzapfel et al. [180] described the effect of facet 
joint surface curvature on lumbar spine mechanics.  Kim et al. [156] used a model to analyze the 
effect of facet joint orientation.  Chagnon et al. [153] studied how changes in intervertebral disc 
properties and height affect load distribution in the lumbar spine.  Noailly et al. [165] conducted 
a parametric study of a L3-L5 motion segment by modifying the geometry of the bones, 
ligaments, and nucleus. 
While many studies using FE models of the lumbar spine have examined the effect of 
discrete changes to a few parameters, probabilistic modeling has been used in the lumbar spine to 
examine how statistical distributions in model parameters affect outcomes.  Probabilistic models 
of the lumbar spine have primarily been used to study the effect of material property and implant 
variation.  Lee and Teo [181] used probabilistic sensitivity factors to identify which material 
properties were most important in affecting sagittal rotation in the L2–L3 motion segment. 
Rohlman et al. [182] studied the effect of artificial disc properties on lumbar spine biomechanics.  
Artificial disc position, ball radius, facet joint gap size, and ALL scar tissue were used as the 
probabilistic variables.  Rohlman et al. [183] studied the influence of a lumbar spine motion 
preservation system on lumbar spine biomechanics by statistically varying implant material 
properties and geometry.   
Niemeyer et al. [163] studied the effect of geometric anatomical variation on the 
biomechanics of a L3-L4 motion segment.  A FE model of the L3-L4 motion segment was used 





geometric parameters were used as probabilistic variables and the most important variables 
influencing biomechanics were identified (Figure 2.4.3).  The probabilistic distributions of the 
anatomical variables were obtained from the literature where available [4], [12], [16].  The 
authors found that the variables determining the disc geometry (disc height, end-plate width and 
depth) and the facets’ position (intra-articular space, pedicle length, facet angles), were most 
influential.  One limitation of the Niemeyer study was that the simplified model could not 
represent realistic contact surfaces in the facet joints.  This limitation could be overcome using 
finite element models based on statistical shape modeling (SSM). 
 
Figure 2.4.3 A subset of the geometric parameters used in a probabilistic model of the L3–L4 
motion segment.  EPWi, lower end-plate width; EPWs, upper end-plate width; EPDs, upper end-
plate depth; EPDi, lower end-plate depth; VBH3, vertebral body height L3; DH, disc height; 
VBH4, vertebral body height L4; SPSF, spinous process scale factor; TPSF, transverse process 
scale factor; PLSF, pedicle length scale factor; FWr, facet width right; FHl3, facet height left L3; 
FHl4, facet height left L4; PISr, pedicle inclination sagittal right; PISl, pedicle inclination sagittal 
left; PITl3, pedicle inclination transverse left L3 [163]. 
 
Many studies have identified the problem of using generic models or single subject-





used a pool of FE results from eight models to begin to overcome that challenge.  However the 
authors noted that a more robust solution would be “to use statistical methods, e.g. factorial and 
probabilistic designs, to assess the sensitivity and robustness of the model to variations in input 
parameters and their interactions.  However, incorporating all the main geometric parameters of 
the lumbar spine into a statistical approach would require a fully parameterized model.  The 
development of such a model; however, has proven to be notoriously difficult” [89]. 
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AN AUTOMATED METHOD FOR LANDMARK IDENTIFICATION AND FINITE 
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3.1 Abstract 
Goal: The purpose of this study was to develop a method for automated creation of finite 
element models of the lumbar spine.  Methods: Custom scripts were written to extract bone 
landmarks of lumbar vertebrae and assemble L1-L5 finite element models. End plate borders, 
ligament attachment points, and facet surfaces were identified. Landmarks were identified to 
maintain mesh correspondence between meshes for later use in statistical shape modeling.  
Results: 90 lumbar vertebrae were processed creating 18 subject-specific finite element models. 
Finite element model surfaces and ligament attachment points were reproduced within 1e-5 mm 
of the bone surface, including the critical contact surfaces of the facets. Element quality 
exceeded specifications in 97% of elements for the 18 models created.  Conclusion: The current 
method is capable of producing subject-specific finite element models of the lumbar spine with 
good accuracy, quality, and robustness.  Significance: The automated methods developed 
represent an advancement in the state of the art of subject-specific lumbar spine modeling to a 
scale not possible with prior manual and semi-automated methods. 
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Subject-specific and probabilistic finite element (FE) models have a variety of clinical 
and research applications. Lumbar spine applications include pre-clinical evaluation of new 
devices, planning and evaluation of surgical procedures (e.g., fusion, discectomy, total disc 
replacement), studies of disc biomechanics and degeneration, prediction of hard and soft tissue 
mechanics during activities of daily living, and analysis of the biomechanical impact of 
anatomical variations (e.g., disc height, facet orientation, cartilage thickness, annulus fiber 
orientation). In spite of strong motivation for the use of these modeling methods in such a long 
list of compelling applications, the complexity of model generation remains an obstacle. In a 
recent review, Sarkalkan et al. [1] noted that, “…only a limited number of such finite element 
models can be generated, because the process of generating individualized FE models involves 
several laborious and complex steps that cannot be easily automated.” The development of 
automated methods for creating such models is the topic of this paper. 
Several subject-specific models have been created for the lumbar spine [2]–[5], but the 
complex shape of lumbar vertebrae makes them tedious to mesh manually in large numbers. Dai 
et al. [5] reported a semi-automated method for lumbar FE mesh creation and Lalonde et al. [2] 
described a method based on Kriging, but both approaches require substantial manual 
intervention and are not easily scaled to numerous specimens. Additionally, we are not aware of 
any published method for generation of lumbar spine FE models that strictly enforces feature 
correspondence across specimens (e.g., same node # in same anatomical position for every 
specimen). Such a method is necessary for the creation of a statistical shape model (SSM), which 






To date, most probabilistic models of the lumbar spine have evaluated variation in 
implant placement/alignment or material properties since these parameters are easily accessible. 
Niemeyer et al. [9] examined anatomical variation in the L3-L4 functional spinal unit by 
constructing the model with geometric primitives, which are easily parameterized but lack 
fidelity to the natural geometry of the spine. The authors are not aware of a study reporting the 
use of an SSM to represent normal variation in anatomical shape using high-fidelity FE models 
of the lumbar vertebrae. 
It is true for both subject-specific and probabilistic FE models of the lumbar spine that 
automation is a key to their effective application, and they present similar technical challenges in 
this context. One of the more difficult tasks in automatic model generation lies in fitting a 
template model to the geometry of a new specimen. There are also many different hard and soft 
tissue structures that must be properly placed relative to each other in the overall FE mesh. These 
tasks typically rely on the use of a set of landmarks that identify important features of the 
geometry. A rich set of landmarks facilitates various options for morphing template geometry, 
and makes it much easier to define soft tissue attachments and contact surfaces. Although 
subject-specific models can be created independently with different meshing and landmark 
identification strategies used for each specimen, a consistent, automated method offers the 
potential of substantial time savings. And, probabilistic FE models based on an SSM require the 
use of a consistent, reliable method for landmark detection in order to ensure correspondence of 
landmark points across specimens used to form a training set. 
Many studies have examined this problem of landmark identification and 
correspondence, especially in the context of SSM creation. Several global methods have been 





not strictly account for local variations in geometry, and final evaluation of landmark 
correspondence is difficult [10]. Some correspondence methods have been evaluated by 
comparing automated methods to manual landmark selection or known points on simple shapes 
[11]–[14]. Manual methods have been used for some SSMs but for large point sets or 3D shapes 
the reliability and repeatability of these methods is poor [11]. We posit that the ideal method for 
establishing landmark correspondence is to use an automated approach to identify landmark 
points based on a mixture of global and local geometry interrogation. Most published SSMs of 
bones use different custom methods with varying levels of automation to enforce point 
correspondence [1], [15]–[22]. 
In the lumbar spine several studies have attempted to establish repeatable methods of 
identifying specific landmarks. Sugisaki et al. [23] developed a method to automatically identify 
lumbar pedicle centers. Otsuka et al. [24] developed a method to automatically identify facet 
surfaces and Simon et al. [25] used that method to measure facet joint spacing. Peloquin et al. 
[26] developed an SSM of the L3-L4 intervertebral disc. Rasoulian et al. [21] developed a 
method of creating SSMs using automated segmentation for the L2 vertebra and later developed 
what they stated was the first SSM of the L1-L5 lumbar spine [27]. The Rasoulian SSM was 
intended for clinical use, which typically implies lesser requirements for mesh resolution and/or 
accuracy, so it is unknown if the model is suitable for probabilistic FE modeling of lumbar spine 
biomechanics.  Ibragimov et al. [28] and Korez et al. [29] also published automated 
segmentation methods for the lumbar spine but have not applied their methods to FE modeling. 
The goals of the current study were to develop and evaluate an automated process for the 
construction of subject-specific FE models of the lumbar spine. A method for automated 





multiple specimens in order to facilitate later SSM creation and probabilistic analysis including 
anatomical shape variation. The automated algorithm was designed to accept L1-L5 bone 
geometry segmented from CT scans and produce subject-specific FE models with no manual 
intervention. The algorithm was evaluated for geometric accuracy around critical FE features 
such as soft tissue attachments and facet contact surfaces, it was tested for robustness over a 
range of different lumbar shapes, sizes and levels (i.e., L1-L5), and it was evaluated for standard 
element quality metrics. The planned workflow is shown in Figure 3.2.1. 
 
 
Figure 3.2.1 Subject-specific FE Model Work Flow. 
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3.3 Materials and Methods 
3.3.1 FE Model Details 
The proposed method for developing subject-specific and probabilistic FE models of the 
lumbar spine was intended to be relatively general so that it can be adapted to different model 
applications, mesh topologies, element formulations, and FE codes. Due to the large number of 
models that can be created with this automated method a highly efficient model was desirable to 
reduce run times. For this reason, the initial version of the automated method has been designed 
to create relatively simple and efficient FE models with rigid bones, rigid endplates, and 
ligaments meshed with 1D structural elements. While these models are certainly not appropriate 
for all applications, similar FE models have been published and validated for situations with 
relatively low loads [30]–[34]. 
A subject-specific FE model of the lumbar spine was identified and adapted for use as a 
template FE model for this study [32] (Figure 3.3.1). The FE model was created for 
Abaqus/Expicit (Simulia, Providence, RI) and represents the full human lumbar spine L1-L5. 
The model uses rigid shell elements for the bones (7470 elements per bone) and deformable 
hexagonal elements for the annulus fibrosis of the discs (3108 elements per disc). The nucleus 
pulposus is represented with a fluid-filled cavity using quadrilateral shell elements (2154 
elements per disc). The facet cartilage is modeled with hexagonal elements that are defined as 
rigid using a frictionless contact defined by a pressure-overclosure relationship [32], [35] (864 
elements for each section of superior cartilage and 336 elements for each section of inferior 
cartilage). The ligamentum flavum, supraspinous, interspinous, and inter-transverse ligaments 
are represented using parallel sets of nonlinear, tension only connector elements. The anterior 





of nonlinear, tension only connector elements in series and parallel. The ligament endpoints, 
superior and inferior surfaces of the discs, and interior surface of the cartilage elements are all 
rigidly fixed to the bones where they attach. 
 
Figure 3.3.1 Subject-specific FE model showing the supraspinous ligament (SSL), interspinous 
ligament (ISL), inter-transverse ligament (ITL), posterior longitudinal ligament (PLL) and 
anterior longitudinal ligament (ALL). 
 
3.3.2 Automated Landmark Identification Method 
The automated landmark identification method was developed using a custom Matlab 
script (The Mathworks, Inc., Natick, MA). The script was original with the exception of a few 
publically available modules [36]–[39]. The purpose of the program was to accept as input the 
segmented CT geometry of each bone in a lumbar spine specimen and identify all necessary 
landmarks for creation of a subject-specific FE model using the FE architecture described above: 
all ligament attachment points, endplate and spinous process borders, and facet contact surfaces. 
The same program was used for each lumbar vertebra (L1-L5). The program takes approximately 
15 minutes to run for each bone (75 minutes for L1-L5). 
The automated landmark identification method consists of nine steps: 1) Initial 
Orientation, 2) Endplate Borders, 3) Pedicle Isthmuses, 4) ISB Reference Frame, 5) Inter-





Process, 9) Supraspinous and Interspinous Ligament Insertions. Each step is briefly described 
below. A video showing an example of the landmark identification method can be found among 
the online supplementary materials. 
3.3.3 Initial Orientation 
The program begins by determining the basic orientation of the vertebra bone (Figure 
3.3.2). Four cross sections were taken using the points furthest from the centroid of the bone. The 
vertebral body was identified by the area of its cross section and used to define the general 
anterior-posterior (A-P) direction. Similarly, the relatively small areas of the transverse process 
sections were used to define the medial-lateral (M-L) direction. The general superior-inferior (S-
I) direction was determined by the cross product of the A-P and M-L vectors. The superior (S) 
direction was determined by comparing the centroid of the vertebral body to the most inferior 
point on the spinous process cross section (Figure 3.3.2 right). 
 






3.3.4 Endplate Borders 
The endplate borders are identified to help position the discs, and the ALL and PLL 
ligaments. The borders are found based on the slope of the bone surface relative to the superior 
axis (S). An average slope is used to smooth out local irregularities in the bones. Points are 
identified every 1 mm around the perimeter of the endplate. Points near the pedicles on the 
superior endplate are skipped because the slope is often too flat to identify a border in that 
region. Once the endplate borders have been identified, the points are resampled to place a 
consistent number of uniformly spaced landmarks for every specimen, enabling correspondence 
(Figure 3.3.3). 
3.3.5 Pedicle Isthmuses 
The isthmuses of the left and right pedicles are identified to construct the International 
Society of Biomechanics (ISB) recommended reference frame [40] for each vertebra. The 
isthmus of each pedicle is identified by determining the narrowest part of the pedicle following 
the method described by Sugisaki et al. [23]. 
3.3.6 ISB Recommended Reference Frame 
The ISB reference frame for the vertebra is defined for each bone (Figure 3.3.3a). The 
superior-inferior (S-I) axis is defined through the center points of the two endplates. The 
anterior-posterior (A-P) axis is defined based on the cross product of the S-I axis and the vector 
from the center of the left pedicle isthmus to the center of the right pedicle isthmus (Figure 
3.3.3d). Finally, the medial-lateral (M-L) axis is defined based on the cross product of the A-P 







Figure 3.3.3 Vertebra demonstrating the (a) ISB reference frame, (b) inter-transverse ligament 
insertions, (c) the superior ligamentum flavum ligament insertions, (d) vector connecting the 
centers of the left and right pedicle isthmuses. (points red, resampled points blue, ligament 
insertions green, section cuts green). 
 
3.3.7 Inter-transverse Ligament Insertions 
In the FE model, the inter-transverse ligaments are defined by two connector elements 
above and two connector elements below the transverse process on each side of the vertebra. 
Therefore, four attachment points are needed on each transverse process. The four insertion 
points are identified at a 45 degree angle from the tip of the transverse process. 
3.3.8 Ligamentum Flavum Insertions 
The ligamentum flavum runs along the posterior surface of the vertebral foramen and is 





uniformly spaced along the rim of the vertebral foramen (Figure 3.3.3c). The inferior insertions 
of the ligamentum flavum are located at the base of the vertebral foramen where the concave 
shape of the lamina transforms into the convex shape of the spinous process. 
3.3.9 Facet Surfaces 
Contact surfaces are defined on the facets in the FE model, necessitating identification of 
complete surfaces for all facet interactions. First, the border of each facet surface is identified 
based on the average slope of the bone surface relative to the general facet orientation. Points are 
identified along the facet border at 1 mm increments. The points are then resampled to ensure 
correspondence. The surface of the facet is identified using a custom meshing script based on 
constrained optimization that adjusts mesh nodes to be uniformly distributed and projected to the 
facet surface (Figure 3.3.4). 
 





3.3.10 Spinous Process 
The borders of the spinous process are identified starting on the inferior/anterior aspect 
and locating points at 1 mm increments around the process. The left and right lateral border 
points are identified where the plane tangent to the bone surface makes a 45 degree angle relative 
to the sagittal plane. A central ridge is identified on the bone equidistant from the left and right 
lateral border points (Figure 3.3.5). The border is split into three sections: inferior, posterior, and 
superior. The border points are resampled in each of the three sections. Finally the central ridge 




Figure 3.3.5 Spinous process (points red/yellow, resampled points blue); supraspinous and 






3.3.11 Supraspinous and Interspinous Ligament Insertions 
One connector element is used to define each level of the supraspinous ligament. The 
insertion point for the supraspinous ligament is defined as the most posterior point along the 
central ridge of the spinous process. This allows the superior and inferior aspects of the ligament 
to connect at the same point making the supraspinous ligament continuous along the posterior 
surface of the spine as it is in vivo. Five connector elements are used to define each level of the 
interspinous ligament in the FE model. The five insertion points for the interspinous ligament are 
defined by uniformly distributing them along the posterior portions of the superior and inferior 
central ridges of the spinous process. 
3.3.12 Automated Subject-Specific and Probabilistic FE Assembly  
The assembly of the FE model based on the automated landmark identification method 
involves two main steps. The first step involves morphing a template mesh for visualization of a 
continuous bone surface connecting the landmarks and surfaces that have been identified. 
Second, the soft tissues including the discs, cartilage, and ligaments are created. The code for 
assembly of a full L1-L5 FE model takes approximately 15 minutes to run.  
3.3.13 Mesh Morphing 
A custom script was used to morph a template finite element mesh of a generic vertebra 
to the subject-specific landmarks identified in the previous section [41]. The morphed bone 






3.3.14 Intervertebral Disc, ALL, and PLL Placement 
The intervertebral discs are placed between the endplates based on the scanned 
alignment. The anterior longitudinal ligament (ALL) and posterior longitudinal ligament (PLL) 
are also moved to the endplates the same way as the disc. First, a plane is fit to each endplate that 
captures the A-P and M-L extents of the endplate, as well as the orientation of a plane fit to the 
endplate border. A template disc is used with planar superior and inferior surfaces allowing them 
to be fit to the respective endplates. The surfaces of the disc are scaled in the A-P and M-L
directions to fit the end plates, but the shape is not directly fit to the border of the endplates to 
preserve element quality. The disc and ligament nodes between the endplate surfaces are 
interpolated to form a continuous transition between the endplates.  
3.3.15 Cartilage Definition 
The facet surfaces are used to define the elements of the cartilage in the FE model. The 
actual location and thickness of the cartilage cannot be determined from the CT scan, therefore it 
must be approximated from the facet surface of the bone. The thickness and taper of lumbar facet 
cartilage surfaces have been measured experimentally and equations have been defined to 
capture the behavior [42]. Lumbar facet cartilage was found to be thickest near the center and 
taper to zero at the edges of the facet joint. In the current study, the cartilage surfaces comprising 
a single joint are defined simultaneously. First, centers of the facet contact surfaces are defined 
based on the center of the overlap between the two surfaces. Next, a sphere is fit to the facet 
surface to define the normal directions for extrusion of the cartilage surface. The cartilage 
surface is extruded and tapered based on the cartilage thickness equations referenced above. 
Then the gap between the two facet surfaces is evaluated and adjusted to ensure no initial 





specimen to have a different gap based on its geometry. Finally, three layers of hexagonal 
elements are extruded away from the facet surface a thickness of 2 mm. 
3.3.16 Ligament Definitions 
The capsular ligaments are defined using three connector elements for each facet joint in 
the FE model. Three nodes near the center of the interior surface of the cartilage were used as the 
insertions for the capsular ligaments. The remaining ligaments in the model were attached 
directly between respective insertion points found during the landmark identification process.   
3.3.17 Evaluation  
The processes for automated landmark identification and FE model assembly have been 
evaluated for accuracy, quality, and robustness based on the results from 18 full lumbar 
specimens. One important factor in subject-specific FE modeling is how close the geometry of 
the FE model conforms to the actual specimen. To evaluate accuracy, ligament insertion sites, 
and all border and surface points were evaluated based on their Euclidian distance to the CT scan 
bone surfaces. Also, a potential problem in fitting FE models to subject-specific geometry is the 
creation of distorted elements. The elements of the discs and cartilage were evaluated for 
standard FE quality metrics. Each hexagonal element was evaluated in Hypermesh (Altair 
Engineering, Troy, MI) for warpage, aspect ratio, skewnesss, jacobian, minimum angle, and 
maximum angle. The threshold criteria for the mesh quality metrics (Table 3.4.1) were 
determined based on experience and a comparison to other spine FE models in the literature [2], 
[5], [32], [43]. For robustness the automated methods were used on 90 bones, 18 full lumbar 





3.4 Results  
3.4.1 Accuracy 
To evaluate accuracy, ligament insertion sites, and all border and surface points were 
evaluated based on their distance to the source bone surface. All such points were located on the 
surface of the source bone (Euclidian node to surface distance < 1e-5 mm). 
3.4.2 Quality  
Element quality was evaluated using established guidelines (Table 3.4.1). The mesh 
quality metrics are shown for the 18 automatically created subject-specific FE models. The 
metrics are reported separately for the disc and cartilage parts. 









































3.4.3 Robustness  
The feature extraction method was used on 90 bones from 18 full lumbar specimens. The 
algorithm executed reliably on a variety of bone sizes and shapes including both healthy and 






Figure 3.4.1 Examples of the results from the automated landmark identification method for 
seven specimens in order from L1 (top) to L5 (bottom). 
 
3.5 Discussion 
An automated method has been developed to extract landmarks of lumbar vertebrae for 
use in the creation of subject-specific and probabilistic FE models. The method locates 
landmarks precisely and consistently on the surface of bones with varied shapes and sizes. 
Automated creation of FE models produces complete FE models ready for simulation with 
element quality similar to manual modeling techniques. 
The automated landmark identification method presented in the current study located 
points of interest on the bone surface within 1e-5 mm. This accuracy is an improvement over 
previously reported subject-specific mesh morphing techniques [2], which reported a mean node 
to surface distance of 0.3 mm and a maximum node to surface distance of 6.2 mm. Previous 
methods have also reported some of the largest distances at the articular facets. The current 
method produces models with high fidelity in the articular facets so that the contact surfaces are 







Figure 3.5.1 Examples of two of the 18 full lumbar FE models produced from the automated 
landmark identification method.  
 
There are limitations to the current methods. First, the automation is setup to work with a 
specific template FE model. However, the methods have been designed to be adaptable to other 
applications, mesh topologies, element formulations, and FE codes. For example, the current 
ligaments are broken up into parallel connector elements based on their locations in the template 
model. For applications studying mechanics within the ligament solid continuum elements would 
be more appropriate [44]. While additional attachment points would need to be identified, the 
current method could be extended for that application. 
The automated methods presented are specifically focused on producing FE models for 
use with relatively low loads. Many applications, including those involving high lumbar spine 
loads require deformable bones and endplates [45]. For such applications the current method 
would need to be extended to achieve high fidelity to the bone surface in all areas. The current 
methods of soft tissue landmark identification are applicable, but the bone mesh morphing 





coherent point drift (CPD) [46]. The full volume CT data would also need to be incorporated and 
used to differentiate cortical and cancellous bone. 
Another limitation of the current method is that the intervertebral discs are not subject-
specific discs based on medical image data but rather are transformed discs fit to the endplates of 
the subject. The current method produces discs of subject-specific size and orientation, but 
details of shape and relative proportion of annulus volume to nucleus are based on the general 
template. Peloquin et al. [26] recently published a statistical shape model for lumbar disc 
geometry. Perhaps with a linked CT (bone geometry) and MRI (disc geometry) dataset this 
limitation could be overcome and subject-specific disc geometry could be incorporated into the 
workflow. The ligaments and facet cartilage are similarly based on the geometry of the bone 
surface rather than actual measurement of the soft tissues. A linked CT and MRI dataset may 
also be useful in overcoming this limitation. 
The automated techniques used in the current study maintain the alignment from the CT 
scan. While maintaining the scanned alignment ensures the soft tissues are placed in a physically 
realistic location, it does not account for any stress on the soft tissues at the time of the scan. This 
is a common problem in subject-specific modeling. Incorporating a CT dataset with subjects in 
known, consistent, and physiologically representative positions may allow for more consistent 
modeling and alignment. 
The template model [32] was originally created for use in Abaqus/Explicit with first 
order reduced integration elements in the annulus. The goal of our modeling strategy was to 
develop automation methods with a computationally efficient model for lumbar range of motion, 
disc pressure, and facet force in order to facilitate later probabilistic studies requiring many 





elements is non-trivial and saves valuable solution time. Although this element does not suffer 
from significant shear locking [47], it can suffer from hourglass effects (deformation modes that 
produce zero strain energy). We have, however, found the default hourglass control added by 
Abaqus to be effective for ensuring robust solutions. 
Future work must focus on verification and validation of the automated FE models 
presented in this study. A general mesh convergence study is an important model verification 
step to ensure that mesh density is sufficient to accurately capture gradients in important field 
variables (e.g., displacement, strain, pressure). In FE models of engineering systems it is 
common to seek mesh convergence on key outcome metrics at the 5% or even 2% level [48], 
meaning that outcome metrics do not change by more than 2% with additional mesh refinement. 
Mesh convergence results have not been widely reported for FE models of the lumbar spine, but 
Ayturk et al. [49] reported mesh convergence for lumbar range of motion and strain energy 
density with changes below approximately 5%. The focus of the present study was the 
development of automation methods to adapt the existing template FE model [32] to arbitrary 
subject-specific geometry, and mesh convergence was considered outside the scope of the 
present work. However, a detailed mesh convergence study is part of our ongoing research on 
this topic and will be reported separately. 
A subject-specific validation is necessary to compare the mechanics of an automatically 
created subject-specific FE model to experimental testing of the same subject. A population of 
FE models, such as the 18 created in this study, may also be compared against typical corridors 
associated with biomechanical metrics (i.e., range of motion, facet forces, disc pressure) reported 
in the literature [47]. To the authors’ knowledge validation of a population of lumbar spine FE 





The training set of automatically identified landmarks produced by our algorithm may 
also be used to create and evaluate an SSM of lumbar spine geometry. Such an SSM may be 
used to produce probabilistic FE models with normal anatomical variation to facilitate pre-
clinical evaluation of orthopedic implants and procedures in silico. A notable challenge 
associated with any subject-specific FE model, including those created by our automated 
algorithm, is the assignment of material properties, which are difficult or impossible to measure 
in vivo. The advantage of probabilistic simulation is that a range of material parameters may be 
considered in the model, allowing one to establish the bounds of expected outcome metrics. A 
typical probabilistic simulation workflow enabled by our algorithm is illustrated in Figure 3.5.2. 
 







The current study produced 18 subject-specific full lumbar spine finite element models 
based on automated landmark identification of 90 lumbar vertebrae. The subject-specific finite 
element models were produced with good accuracy, quality, and robustness. This new method 
represents an improvement over manual and semi-automated methods previously reported, but 
FE model validation is a critical ongoing step to prove the clinical applicability of this modeling 
approach. 
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AUTOMATED FINITE ELEMENT MODELING OF THE LUMBAR SPINE: VERIFICATION 
AND VALIDATION WITH 18 SPECIMEN-SPECIFIC MODELS 
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4.1 Abstract 
The purpose of this study was to seek broad verification and validation of human lumbar 
spine finite element models created using a previously published automated algorithm.  The 
automated algorithm takes segmented CT scans of lumbar vertebrae, automatically identifies 
important landmarks and contact surfaces, and creates a finite element model.  Mesh 
convergence was evaluated by examining changes in key output variables rotation, disc pressure, 
and facet force in response to mesh density.  Direct validation was performed by comparing 
experimental results for a single specimen to the automated finite element model results for that 
specimen with calibrated material properties from a prior study. Indirect validation was based on 
a comparison of results from automated finite element models of 18 individual specimens to a 
range of data from the literature.  Mesh convergence results showed that there was less than a 5% 
difference in each of the key variables when the original mesh density was doubled. The direct 
validation results showed that the automated method was able to produce results comparable to 
manual finite element modeling methods.  The indirect validation involved 216 simulations 
compared to 186 experimental data ranges. The studies showed that the automated models can be 
                                                
 









used to reliably evaluate lumbar spine biomechanics, specifically within our intended context of 
use: in pure bending modes, under relatively low non-injurious in vivo loads, to predict torque 
rotation response, disc pressures, and facet forces. 
4.2 Introduction 
Finite element (FE) modeling of the lumbar spine holds promise for pre-clinical 
evaluation of new devices, but subject-specific modeling and simulation remain challenging due 
to the uncertainty of material properties and boundary conditions [1]. Alternatively, population-
based modeling has the potential to offer information on device efficacy across a broad range of 
virtual patients, and parameter uncertainty can be accommodated with well-established 
probabilistic methods. Modeling a large number of subjects to represent a target population has 
been impractical, however, due to the complexity of spinal geometry and the time consuming 
process of model creation. A new method for automatic generation of FE models of the lumbar 
spine addresses this limitation [2], but it has not been formally evaluated, which was the focus of 
the present study. 
Verification and validation (V&V) are the primary methods for evaluating the reliability 
and accuracy of an FE model within its context of use. Several papers have been written in the 
last decade highlighting the importance of V&V and providing guidelines for these methods in 
the field of biomechanics [3]–[6]. These authors have also helped to reinforce a standard 
vocabulary around V&V. Namely, verification is the process of confirming the computational 
methods solve the governing equations correctly and accurately. Validation involves evaluating 
how accurately the model simulates the real physical system of interest. 
Jones and Wilcox presented a specific framework for V&V in the spine [7], and 





convergence. However, relatively few studies based on segment FE models of the spine have 
reported detailed investigations of mesh convergence. Some studies of the lumbar spine have 
evaluated the FE mesh qualitatively [8]–[10], but the study by Ayturk and Puttlitz is one of the 
few to report  a detailed quantitative mesh convergence analysis [11]. They evaluated a multi-
segment lumbar spine model using multiple bending modes and outcome metrics with a 
convergence criterion of 5%. 
Most validation studies for segment FE models of the spine have also used indirect 
validation [7]. Indirect validation for a spine FE model usually involves comparing FE output 
metrics to a range of experimental data from multiple specimens to demonstrate that the FE 
predictions fall within a reasonable experimental spread. This is in contrast to direct validation 
which typically involves developing an FE model of a specific specimen and comparing FE 
results to experimental data from the same specimen. Direct validation of segment models of the 
spine presents significant challenges as both the geometry and material properties of a specific 
specimen need to be known to develop an accurate subject-specific FE model. 
The purpose of the current study was to seek broad verification and validation of lumbar 
spine FE models created using a previously published automated algorithm [2]. We defined our 
context of use as: prediction of torque-rotation response, disc pressure, and facet force in 
flexion/extension, axial rotation, and lateral bending, under typical in vivo loads. A detailed, 
quantitative mesh convergence study was conducted to verify appropriate mesh density created 
by the automated method. Direct validation was performed by using calibrated material 
properties and precise boundary conditions for a single specimen from a prior experimental study 
[12], [13]. A thorough indirect validation was also performed for 18 full lumbar FE models using 





4.3 Materials and Methods 
4.3.1 FE Model Details 
Briefly, the automated algorithm used to create the FE models in this study accepts STL 
geometry of lumbar vertebrae as input and identifies 1,306 landmarks characterizing the key 
biomechanical features of each bone, such as endplate contours, ligament attachment points, and 
facet contact surfaces. Landmark data are then used as the basis for automated fitting of a pre-
existing template FE mesh [12], [13] to the subject-specific bone geometry. Lastly, soft tissues 
are also added to create a complete Abaqus (Simulia, Johnston, RI, USA) FE model of the 
specimen. The automated algorithm runs in Matlab (MathWorks, Natick, MA) and requires 
approximately 90 minutes to complete for a typical multi-segmental lumbar specimen (L1-L5). 
Additional details of the automated methods may be found in [2]. 
Three specific workflows were used to evaluate the FE models created by the automated 
algorithm (Figure 3.2.1). Specimen geometry, material properties, and the FE solver were chosen 
deliberately for efficiency and for direct comparison to previous work where appropriate. A 
single representative L4-L5 functional spinal unit (FSU) was used for mesh convergence (Figure 
3.2.1a). Direct validation was performed using the automated method with bone geometry and 
calibrated material properties (Figure 3.2.1b), both of which were obtained from a prior study 
(Rao, 2012). And, indirect validation was based on a comparison of results from automated FE 
models of 18 individual specimens to a range of data from the literature (Figure 3.2.1c). For 
mesh convergence and indirect validation, a set of generalized material properties was 






 (a) (b) (c) 
Figure 4.3.1 The three modeling tasks used to support V&V of the automated lumbar spine FE 
modeling algorithm. 
 
The bones had 7470 elements each and were modeled as rigid, similar to several previous 
studies [1], [12]–[16]. The ligamentum flavum, supraspinous, interspinous, facet capsular and 
intertransverse ligaments were represented using parallel sets of nonlinear tension-only 
connector elements. The anterior longitudinal ligament (ALL) and posterior longitudinal 
ligament (PLL) were represented with sets of nonlinear tension-only connector elements in series 
and parallel. The nonlinear ligament properties were based on exponential fits from the literature 
[11], [17], [18].  
The annulus fibrosis was modeled using the Holzapfel-Gasser-Ogden material 
formulation in Abaqus with 3108 elements per disc. This material model allows a continuous 
hexagonal mesh to represent a NeoHookean ground matrix with fiber reinforcement. The 
continuous mesh is of particular importance using the automated methods because the shape and 
size of the disc elements change depending on the specimen geometry. In a mesh with discrete 
fiber reinforcement the angle of the fibers would change with each specimen but the Holzapfel-
Gasser-Ogden material model allows the fiber angles to be defined numerically. Hybrid elements 
were used for the annulus fibrosis to allow incompressible behavior without shear locking [8], 
[9]. The annulus fibrosis matrix properties were derived from [8], [9]. The annulus fibrosis 
properties were divided into anterior, lateral, and posterior regions [12]. A different fiber 





angle for each region in a regression model [20]. Material parameters are summarized in Table 
4.3.1. 
The nucleus pulposus was modeled as a fluid cavity using 2154 quadrilateral shell 
elements per disc. The cavity was defined with the bulk modulus of water based on the template 
model [12] and consistent with other fluid cavity models from the literature [21], [22]. The facet 
cartilage was modeled using hexagonal elements that were defined as rigid with 864 elements for 
each section of superior cartilage and 336 elements for each section of inferior cartilage. The 
facet contacts were defined using a frictionless softened contact with a linear pressure-
overclosure relationship. The initial gap between the cartilage surfaces was based on the CT 
position of bones for each given specimen [2]. The ligament endpoints, superior, and inferior 
surfaces of the discs, and interior surface of the cartilage elements were all rigidly fixed to the 
bones where they attached. 
Table 4.3.1 Material properties used in the mesh convergence and indirect validation 
simulations. Studies referenced in table: a) Cegoñino et al., 2014; b) Dreischarf et al., 2014; c) 
Little et al., 2007; d) Moramarco et al., 2010; e) Rao, 2012; f) Ayturk and Puttlitz, 2011; g) Nolte 
et al., 1990; h) Rohlmann et al., 2006; i) Eberlein et al. 2001, 2004; j) Malandrino et al., 2013; k) 
Holzapfel et al., 2005. 
Bones / Endplates Rigid
a,b,c,d,e 
        
Ligaments Tension Only, Exponential Force-Displacement
f,g,h 
Annulus Fibrosis 
Matrix Fibers Anterior Lateral Posterior 
C10 (MPa) 0.25
























Kappa 0 0 0 
Nucleus Pulposus Fluid-Cavity K=2200 MPa
 e
       





4.3.2 Mesh Convergence Study 
The mesh convergence study was performed to confirm adequate mesh density such that 
the key variables in our context of use were not influenced significantly by mesh density. The 
mesh was considered converged if the key output variables changed less than 5% when the mesh 
density was doubled. A single L4-L5 FSU from one arbitrarily chosen auto-generated FE model 
was used. Pure moment loads up to 10 Nm were applied to the model in each of the six primary 
bending modes (flexion, extension, left/right axial rotation, and left/right lateral bending). 
Rotation, disc pressure, and facet contact force were used as output variables. 
4.3.3 Direct Validation Study 
The direct validation study was conducted to evaluate the FE automation method by 
comparing simulation results to experimental measurements and results from a manually created 
FE model. The direct validation comparison specifically assessed the ability of the automation 
algorithm to create a valid, properly configured subject-specific FE model. Material properties 
were obtained from a prior study [12] that calibrated an FE model to experimental tests on a 
lumbar spine with progressive sectioning of the ligaments. The experimental study reported 
torque rotation curves for each level of the L1-S1 lumbar spine in all six primary bending modes 
for both the experiment and calibrated model. In the current study, an FE model was created 
using Rao’s model as a template such that the primary difference between the two FE models 
was the geometry. CT data for the same specimen was used as input to the automated FE model 
generation method [2]. The published method was designed for L1-L5 models, so the method 
was adapted for use with S1 for the direct validation study only. The material properties and 
boundary conditions were identical to the Rao model, and the simulations were run in Abaqus 





L1. A 450 N follower load was applied during flexion and extension, consistent with the 
experiments. An example of the model in each of the six bending modes is shown in Figure 
4.3.2. The torque-rotation results of the current study were compared to the experimental results 
and to Rao’s FE results. RMS (root mean squared) error was calculated for each bending 
direction. RMS error was reported for the full L1-S1 rotation and an average RMS error was 
reported for the FSUs by averaging the RMS error for rotation of each of the five FSUs. 
 
Figure 4.3.2 Views of the L1-LS1 FE model in flexion/extension, lateral bending and axial 
rotation. 
 
4.3.4 Indirect Validation Study 
The indirect validation study was conducted to broadly evaluate the biomechanics of 
models created with the automated algorithm by comparing a range of outcomes from several 
models (i.e., several specimens) to experimental data from the literature. This evaluation also 
provided an opportunity to compare outcomes from the auto-generated models to other lumbar 





Eighteen full lumbar FE models (L1-L5, see Figure 4.3.3), were created using the 
automation algorithm. Inputs to the automated algorithm were STL models of bone geometry 
manually segmented from anonymized CT scans of varying resolution and unknown 
demographic background. The same set of generalized material properties described above 
(Table 4.3.1) was used for all 18 models. The outcome metrics of interest for the indirect 
validation were rotation, disc pressure, and facet force. A set of 12 simulations was run for each 
of the models consistent with other recently published validation studies [1], [11]. Six 
simulations were conducted to evaluate the six pure bending modes to in vitr experimental data 
up to 7.5 Nm. Six additional simulations were conducted to compare the model to in viv  
experimental data. The in vivo loading conditions were based on Dreischarf et al. and included 
one pure compression run and bending runs with follower loads in all of the six primary modes 
except flexion [1]. Flexion was excluded because Dreischarf et al. concluded that their originally 
proposed torque was not consistent with in vivo loading. 
An attempt was made to compare the results of the indirect validation study to a range of 
available data in the literature that contained the variables of interest and replicated the simulated 
loading conditions. For torque-rotation in vitro experimental data from Guan et al. [23] and 
Rohlmann et al. [24] were used and i  vivo experimental data from Pearcy and Tibrewal [25] and 
Pearcy et al. [26], [27] were used. For disc pressure in vitro experimental data were used from 
Ayturk [28], Ayturk and Puttlitz [11], Brinckmann and Grootenboer [29], and Heuer et al. [30] 
and in vivo experimental data were used from Wilke et al. [31]. For facet force in vitro data were 
used from Niosi et al. [32], Sawa and Crawford [33], and Wilson et al. [34]. In total 186 






Figure 4.3.3 Images of the 18 automatically generated full lumbar FE models highlighting 
diversity of size, shape, and alignment. 
 
4.4 Results  
4.4.1 Mesh Convergence Results 
The mesh convergence results show the percent change between the original mesh and 
dense mesh for each of the key variables of interest. Figure 4.4.1 shows that there was less than a 
5% difference in each of the key variables between the two mesh densities, and most variables 







Figure 4.4.1 Mesh convergence results showing the percent change in rotation , disc pressure, 
and facet force left or right between the original and dense meshes for left or right axial rotation, 
left or right lateral bending, flexion, and extension. 
 
4.4.2 Direct Validation Results 
The direct validation involved a comparison of the automated FE model from the current 
study to the experimental results and the FE results from Rao [12]. Figure 4.4.2 shows the torque 
rotation curves for each of the three datasets in all six bending modes. The rotations were also 
evaluated at each of the five FSU levels. Table 4.4.1 shows the RMS error for the automated FE 
model for L1-S1 rotation and the RMS error for the FSUs averaged over all five levels. 
 
 
Figure 4.4.2 Direct validation torque rotation curves for L1-S1.  Experimental data 






Table 4.4.1 RMS error results of the direct validation study (in degrees) for L1-S1 and FSU 
(average RMS error over all five FSUs). 
RMS Error 
    
Automated FE vs Experiment vs FE Rao 2012 
 
FSU L1-S1 FSU L1-S1 
Flexion-Extension 0.6 3.3 0.2 1.1 
Lateral Bending 0.3 1.7 0.2 0.8 
Axial Rotation 0.3 2.1 0.1 0.6 
 
 
4.4.3 Indirect Validation Results 
The indirect validation study includes results from 216 simulations; 12 runs for each of 
the 18 automatically generated L1-L5 FE models. The results of the FE simulations have been 
compared to several experimental data sets. Figure 4.4.3 shows the torque-rotation results for in 
vitro flexion, extension, and lateral bending compared to the experiments [23]. The experimental 
data were reported every 0.5 Nm from 0-4 Nm (128 data ranges). In flexion the simulation 
results are similar to the experiments at L1-L2 and L3-L4, on average softer at L2-L3 and stiffer 
at L4-L5. In extension the simulation results were either similar to or softer than the mean 
experimental data at all four levels. In lateral bending the simulation results were generally 
stiffer than the mean experimental results. 
Figure 4.4.4 shows the remaining 53 experimental data ranges with corresponding 
simulations. The data has been grouped first by the type of result (rotation, disc pressure, facet 
force), then by experimental study, spinal level, and loading level. Box plots (showing mean and 
standard deviation) and/or whisker plots (showing median and range) are shown depending on 
the experimental data available from each author. The loading mode, torque, follower load, 





provided in Figure 4.4.4. A total of eleven of the 216 simulations failed to converge at some 
point in the run. 
 
Figure 4.4.3 Torque rotation curves for flexion, extension, and right/left lateral bending for all 
18 FE models (black) and the experimental results from Guan et al.[23], mean (solid red), ± 1 
standard deviation (dotted red). 
 
Total in vitro range of motion from peak flexion to peak extension, left to right lateral 
bending, and left to right axial rotation were calculated for the simulations and compared to 
experimental data [24]. Most of the results were within the experimental ranges reported. The 
mean simulation results showed lower range of motion than the experiments for flexion-
extension and lateral bending and slightly higher than the median range of motion for axial 
rotation. Single direction bending was also evaluated in comparison to experimental data [24]. 
The rotation results in flexion for the simulations were all less than the experimental range. In 
extension the rotation for the simulations were generally higher than the experiments overlapping 
with the top half of the experimental range. In lateral bending the rotation for the simulations 
encompassed most of the experimental range but on average had less rotation than the 
experiments. In axial rotation the simulations encompassed the entire experimental range and the 





Simulations were performed to evaluate in vivo bending rotation based on the loading 
conditions developed by Dreischarf et al. [1]. The results were compared to in viv experimental 
results [25]–[27]. In all conditions the range of results from the simulations was small compared 
to the experiments. Only three of the twelve cases had simulation results outside of the 
experimental range: extension at L1-L2 and lateral bending at L1-L2 and L2-L3. All other 
simulation results were within the experimental range. In general extension rotations in the 
simulations were lower than the experiments at L1-L2 and L2-L3, higher at L3-L4, and 
consistent with the experiments at L4-L5. The lateral bending rotations were generally lower 
than the median experimental results at all four levels. For axial rotation the simulation results 
were generally near the median at all four levels. 
Facet forces in the in vitro simulations were compared to experimental data  at L1-L2 
[32] and at L3-L4 [34], [33]. At L1-L2 the facet forces in flexion for the simulations were 
generally lower than the experimental results reported but did encompass most of the 
experimental ± one standard deviation reported. At L1-L2 the facet forces in extension and 
lateral bending for the simulations resulted in a very similar mean and standard deviation 
compared to the experiments. At L1-L2 the facet forces in axial rotation were generally higher 
than the experimental results. At L3-L4 the facet forces in axial rotation and extension were high 
compared to the experimental results. At L3-L4 the facet forces in flexion and lateral bending for 







Mode Level M (Nm) F (N) NSim NExp Author 
FE L1-L5 7.5 0 17 10 a 
LB L1-L5 7.5 0 17 10 a 
AR L1-L5 7.5 0 16 10 a 
F L1-L5 7.5 0 18 10 a 
E L1-L5 7.5 0 17 10 a 
L L1-L5 7.5 0 35 10 a 
A L1-L5 7.5 0 34 10 a 
    
 
  
       
E L1-L2 7.5 500 16 11 b 
E L2-L3 7.5 500 16 11 b 
E L3-L4 7.5 500 16 11 b 
E L4-L5 7.5 500 16 11 b 
L L1-L2 7.8 700 34 10 b 
L L2-L3 7.8 700 34 10 b 
L L3-L4 7.8 700 34 10 b 
L L4-L5 7.8 700 34 10 b 
A L1-L2 5.5 720 33 10 b 
A L2-L3 5.5 720 33 10 b 
A L3-L4 5.5 720 33 10 b 
A L4-L5 5.5 720 33 10 b 
    
 
  
      
 
F L1-L2 7.5 0 36 12 c 
E L1-L2 7.5 0 34 12 c 
L L1-L2 7.5 0 35 12 c 
A L1-L2 7.5 0 34 12 c 
A L3-L4 7.5 0 34 8 d 
A L3-L4 7.5 0 34 20 e 
E L3-L4 7.5 0 34 8 d 
E L3-L4 7.5 0 34 20 e 
F L3-L4 7.5 0 36 20 e 
L L3-L4 7.5 0 35 20 e 
   
 
   
       
E L4-L5 7.5 500 16 1 f 
L L4-L5 7.8 700 34 1 f 
A L4-L5 5.5 720 33 1 f 
C L2-L3 0 300 18 5 g 
C L2-L3 0 1000 18 5 g 
C L3-L4 0 300 18 1 g 
C L3-L4 0 1000 18 1 g 
C L4-L5 0 300 18 5 g 
C L4-L5 0 1000 18 5 g 
F L2-L3 3 0 18 6 h 
F L3-L4 3 0 18 6 h 
F L4-L5 1 0 18 8 i 
F L4-L5 2.5 0 18 8 i 
F L4-L5 5 0 18 8 i 
F L4-L5 7.5 0 18 8 i 
E L2-L3 3 0 18 6 h 
E L3-L4 3 0 18 6 h 
E L4-L5 1 0 18 8 i 
E L4-L5 2.5 0 18 8 i 
E L4-L5 5 0 18 8 i 












































Figure 4.4.4 Indirect validation results.  Modes: range of motion flexion-extension (FE), lateral bending (LB), 
axial rotation (AR); one-direction bending flexion (F), extension (E), lateral bnding (L), axial rotation (A). 
Moment (M), Follower Load (F), number of subjects (N), simulation (Sim), experimental (Exp). Authors: a) 
(Rohlmann et al., 2001), b) (Pearcy and Tibrewal, 1984; Pearcy, 1985; Pearcy et al., 1984), c) (Wilson et al., 2006), 
d) (Sawa and Crawford, 2008), e) (Niosi et al., 2008), f) (Wilke et al., 2001), g) (Brinckmann and Grootenboer, 
1991), h) (Ayturk, 2007; Ayturk and Puttlitz, 2011), i) (Heuer et al., 2007). Simulation data (black) shown with box 
plots with mean, standard deviation, and all data points.  Experimental data (red) with box plots (mean and standard 
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Disc pressures for the in vivo simulations were compared to experimental data from one 
subject [31]. The experimental disc pressures were all within the range of the simulation results 
for extension, lateral bending, and axial rotation. Disc pressures for the in vitro simulations were 
compared to experimental data for compression [29], flexion, and extension [11], [28], [30]. In 
compression the disc pressures in the simulations at L2-L3 were generally lower than the 
experiments but followed the trend of the experimental data with increasing compression force. 
At L3-L4 the single experimental specimen was within the simulation range at both force levels. 
At L4-L5 almost all simulation disc pressures were within ±1 standard deviation of the 
experimental mean at both force levels. In flexion the mean disc pressures for the simulations 
were generally near the lower end of the experimental range at all spinal and loading levels. In 
extension the mean disc pressure in the simulations at L2-L3 was in the low end of the range of 
experimental results but the simulation results for L3-L4 and L4-L5 were generally close to the 
experimental results. 
4.5 Discussion 
The current study involved a mesh convergence study, a direct validation of one 
automatically generated subject-specific FE model, and an indirect validation of 18 automatically 
generated FE models with subject-specific geometries. The mesh convergence study showed that 
the original mesh density was sufficient based on differences under 5% (most under 2%) in 
flexion, extension, lateral bending, and axial rotation for key metrics of rotation, disc pressure, 
and facet force.  A limitation of the mesh convergence is that only one FSU (L4-L5) from one 
subject was used.  While this one FSU represented the mesh topology used in all other FSUs and 
specimens, changes in geometry could produce different mesh convergence results in other areas.  




practical.  Choosing a representative model for convergence is consistent with the methods of 
other automated modeling techniques in the literature [35], [36]. 
The direct validation results show that the automated method was able to produce results 
comparable to manual FE modeling methods. With prior calibrated material properties the model 
produced torque-rotation curves in good agreement with experimental measurements. Results 
were in good agreement at both the full lumbar level (L1-S1) and for individual FSUs, providing 
a modest level of hierarchical validation – that is, we observed good agreement for both 
constituent parts (FSUs) as well as the full lumbar model. Improvements for direct validation of 
subject-specific models could be made with modifications to the automated FE algorithm to 
better treat soft tissues. Specifically, linked CT and MRI datasets could be used to include 
subject-specific geometry and material properties for the intervertebral discs and to include 
subject-specific facet cartilage thicknesses. 
The lumbar spine FE models used in this study were created considering our context of 
use. A relatively simple and efficient FE model setup was employed using rigid bones, rigid 
endplates, and ligaments meshed with 1-D structural elements. These choices improved 
simulation run times which was important considering the large number of models and 
simulations completed. While these models are certainly not appropriate for all applications, 
similar FE models have been published and validated for situations with relatively low loads [1], 
[12], [14]–[16]. Validation for higher loads or other key variables of interest would likely need to 
employ more complex modeling methods. 
The goal of our indirect validation was to evaluate a set of subject-specific model 
geometries all using the same general material properties. In the true human population material 




makes sense that our models do not match the full range of results from the general population 
because we only included geometric variation in 18 subjects and no material property variation. 
Similarly it is reasonable that not all of our results remain within the bounds of the experimental 
data because often there were fewer subjects in the experimental tests than there were in the 
simulations.  The relatively wide distribution of our results, all using the same material 
properties, is an indication that the 18 specimens modeled exhibit a relatively wide range of 
geometric variation. 
Overall we found that our models compared reasonably well to the experimental data. 
The results suggest that our general material properties may be stiffer than average for flexion 
and lateral bending and may be softer than average for extension. The response of the models 
appeared close to the average for axial rotation. However, our goal was not to determine average 
material properties for the population but to evaluate generic FE models with different 
geometries. Facet force results showed similar trends to the experimental data in different 
bending modes. Facet forces were generally higher in the simulations than the experiments for 
the modes of primary interest: extension and axial rotation.  These differences may be due to the 
FE models and/or reliability of the experimental data.  While these experiments are currently the 
best available data for facet force, they have primarily been aimed at methods to measure facet 
force, not establishing a range of facet forces in the population.  They also have significant 
potential limitations in terms of accuracy, calibration, and in some cases compromise of the facet 
joint capsule. 
Disc pressures in the simulations in general compared favorably to the experimental data 
for compression and bending modes at multiple spinal levels. The indirect validation results for 




[1], [11].  Dreischarf et al. published a paper similar to the current study by comparing eight FE 
models to similar experimental data [1]. However, all eight models were constructed by different 
institutions, with different methods, using different FE solvers, and different material properties. 
To our knowledge this is the first study to create and evaluate many full lumbar FE models of 
different specimens using the same modeling methods. 
We attempted to validate the models against a broad and thorough dataset. We feel that 
these results indicate the FE models and automated methods can reasonably be used within the 
range of validation tests performed (i.e. non-coupled bending modes with and without follower 
loads) for the metrics tested (i.e. rotation, facet force, and disc pressure). Facet force should be 
used with caution because the forces predicted were generally higher than the experiments, but 
the trends appeared to be reliable. Therefore, the model can be considered validated for studies 
that look at how variations in geometry, material properties, or implants affect trends in the 
validated output variables within the loads studied.  
Additional direct validation would be necessary to determine if the models could be used 
to predict results from a specific subject. We expect that additional model complexity may be 
necessary to accurately predict subject-specific outputs, even with known or calibrated material 
properties.  
Future work will involve creating and evaluating a statistical shape model (SSM) of the 
lumbar spine and employing the model for probabilistic analysis. One advantage of the method 
for generating automated lumbar spine FE models is that the geometry can be parameterized 
through the use of an SSM, something that has not been possible previously [1], [38]. With the 
SSM and automated methods the primary modes of shape variation in the lumbar spine can be 




to evaluate how variations in shape and soft tissue material properties affect normal 
biomechanics and how implants work in spines with anatomical shape variations. 
4.6 Conclusion 
The current study evaluated lumbar spine FE models created through automated methods. 
Mesh convergence, direct validation, and indirect validation studies were performed. To the 
authors’ knowledge this is the first study to create and evaluate many full lumbar FE models of 
different specimens using the same modeling methods.  The studies showed that the automated 
models can be used to reliably evaluate lumbar spine biomechanics, specifically within our 
intended context of use: in pure bending modes, under relatively low non-injurious in vivo loads, 
to predict torque rotation response, disc pressures, and facet forces.
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AUTOMATED FINITE ELEMENT MODELING OF THE LUMBAR SPINE: 
USING A SSM TO GENERATE A VIRTUAL POPULATION OF MODELS 
Modified from a paper to be submitted to the Journal of Biomechanics 
J. Quinn Campbell1 and Anthony J. Petrella2 
5.1 Abstract 
Population-based modeling of the lumbar spine has the potential to be a powerful clinical 
tool.  However, developing a fully parameterized model of the lumbar spine with accurate 
geometry has remained a challenge.  The current study used automated methods for landmark 
identification to create a statistical shape model of the lumbar spine.  The shape model was 
evaluated using compactness, generalization ability, and specificity.  The primary shape modes 
were analyzed visually, quantitatively, and biomechanically.  The biomechanical analysis was 
performed by using the statistical shape model with an automated method for finite element 
model generation to create a fully parameterized finite element model of the lumbar spine.  
Functional finite element models of the mean shape and the extreme shapes (±3 standard 
deviations) of all 17 shape modes were created demonstrating the robust nature of the methods.  
This study represents an advancement in finite element modeling of the lumbar spine and will 
allow population-based modeling in the future. 
5.2 Introduction 
Population-based modeling has been used to meaningful effect in biomechanics by capturing 
the influence of anatomical variation in many body regions [1].  There are several potential 
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applications of this method in the lumbar spine from evaluating the effects of degeneration on 
biomechanics to pre-clinical evaluation of devices.  However, in the lumbar spine, developing a 
fully parameterized model with accurate geometry has remained a challenge [2]. A new method 
for automated landmark identification in the lumbar spine [3], in concert with statistical shape 
modeling (SSM), has potential to address this challenge.  Creation and evaluation of a SSM of 
the lumbar spine for use in population-based finite element (FE) modeling was the focus of the 
current study. 
Statistical shape modeling (SSM) uses principal component analysis (PCA) to determine the 
primary modes of variation in shape among a training set of subjects [4], [5]. There are numerous 
applications of SSM in biomechanics from improving registration in medical imaging 
applications to creation of FE models [6].  Recently, the first SSM of the full lumbar spine was 
published [7], but the primary application of that model was medical imaging segmentation. To 
our knowledge, no lumbar SSM has been previously reported for use in biomechanical analysis 
or FE modeling. 
SSM has been successfully used with FE modeling and probabilistic methods to study how 
shape influences results in the knee, tibia, femur, and radius [1], [8].  Single bone SSMs have 
generally been used to study how shape influences fracture risk [9]–[11].  In the knee, motion 
and contact forces have been studied in relation to changes in shape and alignment of the 
different bones [12]–[14].  
In the lumbar spine the influence of geometry on biomechanics has primarily been studied 
using simplified FE models based on primitive shapes that can be more easily parameterized and 
modified but do not accurately represent the complex geometry found in real subjects [15], [16].  




outcomes [17].  One of the greatest challenges in creating a parameterized lumbar spine model, 
with a SSM or other method, is capturing the variation in facet joint shape while maintaining 
proper facet joint articulation and alignment.  Dreischarf et al. pointed out that “incorporating all 
the main geometric parameters of the lumbar spine into a statistical approach would require a 
fully parameterized model. The development of such a model; however, has proven to be 
notoriously difficult” [2]. In addition to accurately representing the complex anatomy, to be used 
effectively in a population-based simulation framework, such a model must also be robust. That 
is, parametric variations of the model, especially at the extremes of the shape space, must exhibit 
proper facet articulation and lead to successful FE solutions. 
The overall goal of the current study was to develop and evaluate a parametric, 
automated, and robust FE model of the lumbar spine. A SSM was created and evaluated for use 
in parameterizing anatomical shape. A fully automated algorithm [3] was then used to construct 
FE models of virtual specimens instantiated from the SSM, and the relationship between shape 
modes and biomechanics was investigated for all principal components of shape variation 
represented in the SSM. 
5.3 Materials and Methods 
5.3.1 Statistical Shape Model Creation and Evaluation 
The statistical shape model (SSM) was based on a training set of 18 cadaveric specimens 
of unknown demographics.  Segmented CT (computed tomography) scans from multiple sources 
were obtained in the form of STL files (stereo lithography) for L1-L5 of each subject. Each 
specimen in the training set was run through a previously published automatic landmark 




(1,306 per bone). The highest density of landmarks was on the facet joint surfaces to capture the 
variation in that critical anatomy. 
The landmarks for each specimen were aligned to eliminate variation among specimens 
due to rigid body translation and rotation [18].  This procedure was equivalent to generalized 
Procrustes analysis except that variations in scale (size) were retained in the specimen data.  The 
bones were left in their scanned alignment to preserve the combinations of facet shape and 
alignment found in the training set. Principal component analysis (PCA) was performed on the 
landmark coordinates using standard methods based on the covariance matrix [1], [6], [19].  PCA 
produced a set of principal components (PCs) each associated with a different mode of shape 
variation.  The PCs can be used in a linear combination with the mean shape to produce any 
number of virtual specimens exhibiting normal anatomical variation. 
The SSM was evaluated using compactness, generalization ability, and specificity [6], 
[19], [20], [7]. Compactness describes the number of modes required to represent a given percent 
of the shape variation.  The shape modes were sorted in descending order based on the percent of 
shape variance within the training set explained by each mode, and the cumulative percent 
variance was plotted versus the number of shape modes used.  Generalization ability is a measure 
of the SSM’s ability to represent a new specimen.  Generalization was calculated by performing 
a leave-one-out analysis.  Each specimen in the training set was sequentially left out of the SSM, 
a new shape model was created with the remaining specimens, shape modes were added in one 
by one, and the parameters of the shape model were all optimized to fit the left out specimen.  
The result was the average error and maximum error, in terms of Euclidian distance, between the 
corresponding landmarks of the optimized virtual specimen and the left out specimen.  




included in the SSM incrementally starting with only the first PC and 200 virtual specimens were 
randomly generated for each set of shape modes using ±3 standard deviations of the PCs 
included.  Virtual specimens were compared to the closest specimen in the training set in terms 
of minimum average Euclidian distance error. 
5.3.2 Shape Analysis 
A SSM model produces a set of orthogonal shape modes that describe the variation in the 
shape space of the training set.  The first five shape modes of the SSM of the lumbar spine were 
analyzed qualitatively, quantitatively, and biomechanically.  SSMs are often analyzed 
qualitatively based on the visual inspection of the models they produce [1], [6], [12], [21], [22].  
The first five shape modes were plotted using ±3 standard deviations of the PCs and evaluated 
visually. 
A quantitative analysis of the shape modes was also performed to verify the visual 
assessments and analyze anatomical variation that was not obvious on inspection.  The 
quantitative analysis was accomplished by taking direct anatomical measurements of the mean 
shape and models produced using ±3 standard deviations of each of the PCs.  Quantitative three-
dimensional anatomy of the lumbar spine has been studied by many authors and several 
measurements have been documented [23]– 31 .  Since many of the landmarks used in the 
present study to create the shape model had specific anatomical meaning, measurements were 
easily made on each virtual specimen.  Due to the large number of measurements generated, only 
a subset of relevant measures were reported based on average variations, over all five bones (four 
FSUs) in each virtual specimen.  Bone volume was estimated by multiplying the total length, 
width, and height of each vertebra with respect to the recommended ISB coordinate system [32].  




described by Panjabi et al. (1992).  Canal depth and transverse process width were also 
calculated similar to Panjabi et al. (1992).  Transverse process angles in the transverse and 
frontal planes were calculated similar to Semaan et al. (2001).  Spinous process length and 
spinous process angle were calculated as described in Di Angelo and Di Stefano (2015).  The 
spinous process posterior height was calculated using the distance between landmarks for the 
most posterior superior point and most posterior inferior point on the spinous process [3].  The 
facet curvatures were measured using two techniques: facet depth from Ahmed et al. (1990) and 
facet radius from Semaan et al. (2001).  The facet card angles Ax and Ay were calculated based 
on the techniques described by Panjabi et al. (1993). 
In order to analyze the influence of each shape mode on variation in the anatomical 
measurements, a percent contribution parameter was calculated as follows:  
                                 5.3.1 
 
                               5.3.2 
 
where n is the number of the mode of interest; Measure is the anatomical measurement or other 
output variable associated with the plus-three-standard-deviation extreme (+) or minus-three-
standard-deviation extreme (-) shape of that mode; Rangen represents the total range of the 
Measure for mode n; and N = 17 is the total number of modes calculated. 
The biomechanical analysis of the SSM was conducted by running FE simulations with 
auto-generated models based on the mean virtual specimen and each of the 17 shape modes 
using ±3 standard deviations of the PCs.  A total of 35 FE models (L1-L5) were created using the 
SSM in conjunction with the previously published automated FE generation method [3].  The 




indirect validation for the 18 subjects used in the SSM training set are described in a separate 
publication [33].  One generalized set of material properties was used for all of the simulations to 
isolate the influence of anatomical variation.  The material properties were the same used for the 
indirect validation and can be found in a table in a separate publication [33]. All of the 
simulations were run in Abaqus Standard (Simulia, Johnston, RI, USA).  For each virtual 
specimen modeled, a 7.5 Nm pure bending moment was applied in directions of flexion, 
extension, left and right lateral bending, and left and right axial rotation.  For each of the 210 
simulations, values of rotation, disc pressure, and facet force were recorded.  In order to analyze 
the contributions of each shape mode to the biomechanical output, the %Contribn given by 5.3.2 
was calculated. 
5.4 Results  
5.4.1 SSM Evaluation 
The SSM was evaluated using measures of compactness, generalization ability, and 
specificity.  Figure 5.4.1 shows the results for compactness.  The first shape mode accounted for 
nearly 60% of the shape variation in the lumbar spine.  Eight modes were required for the SSM 
to capture over 90% of the shape variation and 12 modes were necessary to capture over 95% of 
the variation.  For generalization ability a leave-out-one analysis was performed.  The average 
Euclidian distance error decreased from 3.65 mm (±0.63) with one shape mode to 2.78 mm 
(±0.45) with 16 modes.  The maximum error decreased from 13.9 mm (±2.7) with one mode to 
13.1 mm (±2.0) with 16 modes.  The specificity measure was calculated by evaluating how close 
specimens from the training set were to virtual specimens.  The average error increased as the 




error with 1 mode was 3.11 mm (±0.47) and the average error with 17 modes was 3.76 mm 
(±0.64). 
 
Figure 5.4.1 Plot of the compactness of the SSM by showing cumulative shape variance as 
shape modes are added to the SSM.  Over 90% of the total variance is captured with 8 modes. 
 
5.4.2 Shape Analysis 
Analysis of lumbar spine shape variation was performed with qualitative visual 
assessment, quantitative analysis, and biomechanical analysis.  Figure 5.4.2 illustrates the first 
five modes of shape variation in the SSM.  Mode 1 appears to be a scaling mode with effect on 
lordosis, disc height, and the angle of the transverse processes in the frontal plane.  Mode 2 
appears to primarily affect lordosis and disc height without scaling.  Mode 3 appears to primarily 



































bones with minimal effect on height.  Mode 5 appears to mainly influence the posterior spinous 
process height and transverse process width. 
 
Figure 5.4.2 Appearance of the first five shape modes from the lumbar spine SSM in both a 
lateral view and posterior view. 
 
The quantitative analysis of shape variation was performed by comparing the shape 
modes to average anatomical measurements on the virtual specimens.  The quantitative 
measurements provide details about the changes in shape that are not easily visualized.  Table 
5.4.1 provides anatomical measurements for the mean shape and the percent contribution of each 
shape mode to each measurement.  All 17 shape modes were used to calculate the percent 
contribution but results for only the first five shape modes are reported due to space limitations.  
The shape mode with the largest percent contribution is reported to identify instances where 




that Mode 1 has the largest percent contribution to 9 of the 21 anatomical measures evaluated.  
The quantitative analysis confirmed that Mode 1 contributed most to scaling, disc height, 
lordosis, and transverse process frontal plane angle (as shown in Figure 5.4.2).  Mode 1 also 
contributed most to transverse process angle in the transverse plane as well as the Ay card angle 
for both the superior and inferior facets.  The quantitative analysis confirmed that Mode 2 
contributed primarily to lordosis and disc height, only slightly less than Mode 1.  Mode 2 also 
contributed substantially to the change in spinous process angle, only slightly less than Mode 7, 
which was max for that measure.  The quantitative analysis of Mode 3 confirmed variation in 
end-plate depth without change in end-plate height (again, visible in Figure 5.4.2).  It also 
showed a similar contribution to end-plate width.  Mode 3 contributed the greatest to variation in 
inferior facet curvature.  The quantitative analysis of Mode 4 indicated that it affected the length 
and width of multiple measures including end-plate width and transverse process width, and was 
the largest contributor to spinous process length and canal depth.  Mode 4 was also the largest 
contributor to superior and inferior facet card Ax angle, which could not be easily appreciated in 
Figure 5.4.2.  Mode 5 was the largest contributor to spinous process posterior height.  It also 
contributed substantial variation to many of the same measures influenced by Mode 4, with the 
exception of spinous process length.  The maximum contributions to multiple measurements 
were made by modes higher than the five shown in Table 5.4.1 – Modes 6, 11, and 12 had the 
largest contributions to three of the four facet curvature metrics. 
The biomechanical analysis of the SSM was conducted by running FE simulations with a 
model auto-generated from the mean shape of the SSM and models based on extreme variations 
(±3 standard deviations) in each of the 17 shape modes.  All 35 FE models based on the SSM 




Table 5.4.1 Mean shape measurement values and percent contributions of each shape mode to 
various anatomical measurements (calculations use all 17 modes but only results from modes 1-5 
are shown).  Values are shaded darkest (maximum) to lightest (zero) for each row.  Measures 
were averaged over all bones L1-L5. The Max Mode is the shape mode with the maximum % 
contribution from all modes.  The sum of all 17 contributions add up to 100%. 













Bone Volume (mm^3) 273948 1 21% 3% 8% 12% 10% 
End-Plate Depth (mm) 34.3 1 24% 2% 10% 6% 6% 
End-Plate Width (mm) 48.8 1 19% 5% 8% 11% 10% 
End-Plate Height (mm) 27.3 1 27% 10% 2% 10% 9% 
Canal Depth (mm) 20.8 4 3% 9% 8% 13% 11% 
Transverse Process 
Width 
(mm) 84.4 6 7% 6% 2% 11% 12% 
Spinous Process Length (mm) 36.2 4 14% 9% 6% 26% 0% 
Spinous Process 
Posterior Height 
(mm) 15.8 5 11% 2% 2% 11% 14% 
Superior Facet Depth (mm) 3.4 6 3% 4% 3% 3% 3% 
Inferior Facet Depth (mm) 1.60 12 7% 10% 12% 13% 4% 
Superior Facet Radius (mm) 17.8 11 1% 1% 0% 2% 2% 
Inferior Facet Radius (mm) 17.8 3 7% 10% 26% 5% 0% 
Disc Height (mm) 9.7 1 18% 16% 1% 6% 7% 
Lordosis L1-L5 (deg) 24.0 1 20% 20% 2% 7% 5% 
Transverse Process 
Angle Transverse Plane 
(deg) 18.9 1 9% 1% 6% 6% 1% 
Transverse Process 
Angle Frontal Plane 
(deg) -0.6 1 23% 11% 10% 2% 3% 
Spinous Process 
Angle 
(deg) -26.7 7 6% 20% 9% 3% 2% 
Superior Facet  
Card Angle Ax 
(deg) -84.8 4 3% 0% 11% 20% 15% 
Inferior Facet  
Card Angle Ax 
(deg) -83.0 4 4% 4% 10% 13% 12% 
Superior Facet  
Card Angle Ay 
(deg) 52.1 1 20% 13% 13% 16% 3% 
Inferior Facet  
Card Angle Ay 













Figure 5.4.3 Results of the biomechanical shape analysis based on FE simulations of the mean 
shape and models based on the first five shape modes.  Simulations were performed in all six 
primary bending directions.  Results are presented for rotation (top), disc pressure (middle), and 






rotation, disc pressure, and facet force for the first five shape modes.  The results demonstrate 
that, in most cases, all of the first five shape modes have some effect on lumbar biomechanics.  
Although, in many cases the shape modes do not have an equal effect in both directions from the 
mean.  In fact, for axial rotation the facet forces almost all decrease relative to the mean shape.  
The different shape modes generally had different effects with each bending direction for 
rotation and facet force.  However, the effect of each shape mode on disc pressure was fairly 
consistent in each of the bending directions. 
 
Table 5.4.2 Percent contributions of each shape mode to biomechanical outputs based on FE 
model simulations (calculations use all 17 modes but only results from modes 1-5 are shown).  
Values are shaded darkest (maximum) to lightest (zero) for each row.  FE outputs are shown for 
rotation, disc pressure (averaged over all six bending directions), and facet force (corresponding 
right and left facet forces averaged).  The Max Mode is the shape mode with the maximum % 







Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 
Rotation Extension 4 12% 13% 13% 14% 2% 
Rotation Flexion 2 5% 13% 6% 9% 10% 
Rotation Axial 1 17% 7% 3% 8% 3% 





4 13% 13% 14% 20% 7% 
Facet Force Extension 14 2% 3% 1% 6% 1% 
Facet Force Axial 1 21% 6% 6% 7% 6% 
Facet Force Lateral 2 14% 20% 3% 18% 8% 
 
The effect of each shape mode on the biomechanics of the lumbar spine can be evaluated 
by examining the percent contributions shown in Table 5.4.2.  All 17 shape modes were used to 
calculate the percent contribution but results for only the first five shape modes are reported due 
to space limitations.  The shape mode with the largest percent contribution is reported to identify 




results show that Mode 4 contributed the most to the variation in biomechanics for 3 of the 8 
output metrics.  Modes 1 through 4 contributed a similar amount to extension rotation.  Modes 2, 
4, and 5 all contributed to flexion rotation.  Mode 1 contributed the most to rotation and facet 
forces in axial rotation.  Modes 2 and 4 contributed the greatest amount to rotation and facet 
forces in lateral bending.  Mode 4 contributed the most to disc pressure over all bending 
directions.  Mode 14 contributed the most to facet forces in extension. 
5.5 Discussion 
The current study successfully demonstrated the use of a SSM combined with automated 
methods for landmark identification and FE model generation to create a fully parameterized FE 
model of the lumbar spine.  Functional FE models of the mean shape and the extreme shapes (±3 
standard deviations) of all 17 shape modes were created.  While all 17 shape modes would likely 
not be included in practical use of the shape model, this study demonstrates that the methods are 
robust even at the edges of the shape space.  This study represents an advancement in FE 
modeling of the lumbar spine and will empower population-based modeling future work. 
The lumbar spine SSM was evaluated for compactness, generalization ability, and 
specificity.  The first eight shape modes accounted for over 90% of the shape variation which is 
in the range of other models of the knee and spine [7], [12], [22], [14].  The lumbar spine SSM of 
Rasoulian et al. [7] showed lower compactness with approximately 20 modes needed to capture 
90% of the shape variation.  The lower compactness is likely a result of a larger training set with 
more shape variation, 32 specimens versus 18 in the current study.  In terms of generalization 
ability and specificity, the current SSM had higher error values than Rasoulian et al. (2013).  
This indicates that a larger training set is likely necessary to capture the shape variation needed 




The shape modes of the SSM were analyzed to determine how they influenced the shape 
of the spine.  The modes in the current study can be compared to the results of the lumbar spine 
SSM from Rasoulian et al. (2013).  However, it should be noted that Rasoulian et al. separated 
shape and pose modes in their model while they were combined in the current study.  Despite the 
differences in methods, Mode 1 from the current study appeared to be very similar to the first 
pose mode from Rasoulian and colleagues: both models exhibited large overall lumbar size 
combined with a very low lordosis angle and lordosis increased noticeably as the overall size 
scaled down (for example, see Figure 5.4.2, Mode 1).  The second pose mode reported by 
Rasoulian et al. showed lateral bending which was not represented in the training set of the 
current study.  The first and second shape modes in the earlier work also showed primary 
variation in the spinous and transverse processes, both of which were primarily affected by 
modes 4 and 5 of the current study. 
The difference in strategy for addressing pose between the current study and the SSM of 
Rasoulian et al. is an important topic in SSM [1].  When a shape model is intended to represent 
the shape of multiple structures as well as their relative positions, shape and pose can be handled 
together or separately.  The choice may depend on the application of the SSM.  In medical 
imaging and segmentation it has been recommended that shape and pose be treated separately 
[7], [34].  However, the application in Gorczowski et al. (2010) was to study autism by analyzing 
various structures in the brain.  In that case, it may be more useful to analyze shape and pose 
separately.  Rasoulian et al. (2013) also argued that shape and pose should be handled separately 
because they are “not necessarily correlated.”  Again, Rasoulian et al. (2013) were using an SSM 
for medical imaging where it is important that the SSM be capable of identifying the same 




biomechanics.  In this application it is most important to create virtual specimens with correctly 
articulating joints.  There are eight facet joints in the L1-L5 lumbar spine, and the shapes of the 
facet contact surfaces are biomechanically coupled with the poses of the bones.  Therefore, in the 
current study, we chose to treat shape and pose together in the SSM.  This method is consistent 
with many SSMs of the knee where joint contact surfaces are also an important issue [12], [21], 
[14], [35].  The robustness of the FE models in the current study support the strategy of treating 
shape and pose together for the application of FE modeling in the lumbar spine. 
The shape modes in the current SSM were analyzed in terms of the biomechanics 
produced by varying each of the shape modes.  The results showed that several of the shape 
modes contributed to similar changes in biomechanical outcomes.  Mode 4, which only 
accounted for 6% of the total shape variation, was shown to have the greatest influence on 3 of 
the 8 biomechanical metrics studied.  One higher mode (14) was found to have a large influence 
on a specific biomechanical parameter, facet force in extension.  This result is likely due to shape 
variation in the facets representing a relatively small percent of the total variation in the lumbar 
spine, but having a large effect on the biomechanics.  Researchers may want to consider this 
phenomenon when determining how many shape modes to keep in their SSM models. 
Prior studies using FE models to examine parametric changes in lumbar spine anatomy 
found that disc height had the largest influence on range of motion and disc pressures [16], [15].  
In the current study, Mode 4 had the greatest influence on disc pressure, but did not have a strong 
influence on disc height, which may seem to contradict prior findings.  However, modes 1 and 2 
had the largest influence on disc height and those two modes together had a larger influence on 
range of motion and disc pressure than Mode 4 alone.  While this finding is consistent with 




explicitly designed to investigate how variations in isolated anatomical measurements influence 
biomechanics.  The SSM intentionally combines variation in anatomical measurements into a 
small number of distinct shape modes.  Using the SSM in a larger population-based probabilistic 
study, similar to the study design of Niemeyer et al. (2012), would be the appropriate way to 
analyze how individual anatomical measures influence biomechanics. 
While the current automated modeling method was designed to be used for population-
based FE modeling, there are limitations.  The evaluation of the SSM generalization ability 
showed that the current model does not capture some aspects of shape variation in the population 
and a larger training set would likely help improve that. The current methods are also specific to 
the FE modeling techniques used.  The current FE model uses rigid bones and endplates, which 
are reasonable for the loading scenarios studied [3], [33], but are not appropriate for all 
applications. There are also potential improvements to treatment of the intervertebral disc 
geometry that may be important for consideration of clinical conditions including substantial 
degeneration.  For example, the current model captures variation in disc height and angle, but 
does not capture the true shape of the annulus and nucleus or their relative volumetric 
proportions.  A linked dataset of CT and MRI images could potentially be used to incorporate 
variations in detailed disc geometry into the SSM.  A recent study reported a SSM of the L3-L4 
disc, but it does not capture the shape of the nucleus [22].  To our knowledge an SSM capturing 
the shapes of the annulus and nucleus together has not been published. The current modeling 
method also uses the bone surfaces of the facets to represent the anatomical shape of the facet 
cartilage surfaces and their respective gaps, but the cartilage thickness is based on generalized 
measurements [3], [36].  Again, linked CT and MRI data could potentially be used to address 




for the SSM and FE models.  While the results of the validation study suggest that the scanned 
alignments produced reasonable biomechanical results [33], a training set of consistently aligned 
specimens would be an improvement [12]. 
Future work will focus on expanding and improving the current lumbar spine training set 
and applying the SSM to population-based probabilistic FE modeling.  Probabilistic FE models 
have a variety of clinical and research applications. Lumbar spine applications include pre-
clinical evaluation of new devices, planning and evaluation of surgical procedures (e.g., fusion, 
discectomy, total disc replacement), studies of disc biomechanics and degeneration, prediction of 
hard and soft tissue mechanics during activities of daily living, and analysis of the biomechanical 
impact of anatomical variations (e.g., disc height, facet orientation, cartilage thickness, annulus 
fiber orientation).  The methods presented in the current study will allow us to use probabilistic 
FE tools to study these important lumbar spine topics in the future. 
5.6 Conclusion 
The current study successfully demonstrated the use of a SSM combined with automated 
methods for landmark identification and FE model generation to create a fully parameterized FE 
model of the lumbar spine.  Functional FE models of the mean shape and the extreme shapes (±3 
standard deviations) of all 17 shape modes were created demonstrating the robust nature of the 
methods.  This study represents an advancement in FE modeling of the lumbar spine and will 
allow population-based modeling in the future.  
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The following sections will review the individual aims of the current research, evaluate 
whether those aims were achieved, discuss limitations, and describe topics of potential future 
research. 
6.1 Discussion 
The primary goal of this research was to develop robust methods for performing 
probabilistic simulation based on anatomical variation in the full lumbar spine.  The current 
research was divided into three separate aims. 
Aim 1 was to develop a method to repeatably and reliably identify and extract geometric 
features and landmarks of lumbar vertebrae and use that information to automatically create 
finite element models with subject-specific geometry.  An automated method was developed and 
tested.  Eighteen subject-specific full lumbar spine finite element (FE) models were created 
based on automated landmark identification of 90 lumbar vertebrae.  The subject-specific FE 
models were produced with good accuracy, quality, and robustness.  The new automated method 
represents an improvement over manual and semi-automated methods previously reported in the 
literature. 
Aim 2 was to validate the automation process and resulting FE models.  Mesh 
convergence, direct validation, and indirect validation studies were performed.  The mesh 
convergence study verified that the existing mesh density was sufficient.  The direct validation 
established that the automation process produces models comparable to those created manually. 
The indirect validation evaluated 18 automatically generated FE model against 186 experimental 




evaluate lumbar spine biomechanics, specifically within the intended context of use: in pure 
bending modes, under relatively low non-injurious in vivo loads, to predict torque rotation 
response, disc pressures, and facet forces. 
Aim 3 was to create and evaluate a statistical shape model (SSM) of the lumbar spine for 
use in probabilistic modeling.  The research successfully demonstrated the use of a SSM 
combined with automated methods for landmark identification and FE model generation to 
create a fully parameterized FE model of the lumbar spine.  The SSM was evaluated using 
compactness, generalization ability, and specificity.  The shape modes were also evaluated 
visually, quantitatively, and biomechanically.  Functional FE models of the mean shape and the 
extreme shapes (±3 standard deviations) of all 17 shape modes were created demonstrating the 
robust nature of the methods.  This research represents an advancement in FE modeling of the 
lumbar spine and will allow population-based modeling including anatomical variation in the 
future. 
6.2 Limitations and Future Work 
The goal of developing robust methods for population-based modeling including 
anatomical variation in the lumbar spine has been achieved; however there are limitations to 
those methods.  All of the methods were developed to operate within the intended context of use.  
For example, the automated FE methods were developed for models with rigid bones and one-
dimensional ligaments.  Similarly, the validation was performed to evaluate the models based on 
torque rotation, disc pressure, and facet force.  The models have not been validated for stresses 
and strains in ligaments, bones, and discs.  The statistical shape model (SSM) is limited to 
landmarks required to create the FE models.  The SSM does not include information regarding  




deformable bone models. 
While the FE models produced in this dissertation account for many of the important 
anatomical features in the lumbar spine, there are features that were not included.  The 
intervertebral discs were modeled with subject-specific size and orientations based on planes fit 
to the endplates.  This simplification helped maintain element quality but the automated FE 
method could be adapted to include subject-specific endplate geometry.  The current work used 
CT scans as the basis for the bone geometry.  Using linked CT and MRI data could dramatically 
advance the ability to include subject-specific soft tissue geometry.  MRI data would provide 
information regarding the geometry of intervertebral disc endplates and outer surfaces.  Also, the 
size and geometry of the nucleus and annulus could be differentiated.  Incorporating nucleus 
geometry into an SSM would be a significant advancement beyond what has been don 
previously [1].  The current study relied on subject-specific bone surfaces with average 
experimental cartilage thicknesses.  A linked CT and MRI dataset may allow modeling of 
subject-specific cartilage thicknesses.  These methods will likely need to be developed for 
manual FE models before being adopted in automated methods. 
Another limitation of the current study is the specimen dataset.  The 18 specimens used 
were CT scans of cadavers without consistent scanned alignments and without consistent 
demographic data.  The scanned alignments were used as the initial position for the FE models, 
essentially assuming that the scanned alignment is the neutral position for that specimen; which 
cannot be verified.  Rao et al. were able to address a similar alignment issue in the knee using an 
experimental knee simulator to establish a consistent alignment [2].  Using CT scans of live 
human subjects in a consistent position could help overcome this limitation in the lumbar spine.  




necessary to capture more of the anatomical variation found in the population.  Mirroring may 
also be explored along with other ways of artificially enlarging the training set [3], [4].  Also, 
without demographic data, it is not possible to evaluate the distribution of the current data set or 
correlate anatomical characteristics of the lumbar spine with metrics like height, weight, and 
gender.  A larger dataset of consistently aligned subjects with demographic data would help 
advance the current research. 
While some future work can involve overcoming limitations of the current methods, now 
that the methods and models are established and validated it opens the door to many studies.  
Population-based simulation exploring the range of normal biomechanics in the lumbar spine can 
be accomplished.  Investigating the contributions of variation in material properties versus 
anatomy should be explored.  The SSM can be used to compare the current training set to prior 
studies of quantitative three-dimensional anatomy.  Correlations between anatomical features can 
also be investigated.  Probabilistic methods can be used to isolate risk factors associated with 
lumbar spine implants by simulating the implants in the virtual population.  This research has 
facilitated these studies and more by establishing robust methods for population-based 
simulation in the lumbar spine. 
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